Syntheses, Separations, and Applications of Water-Soluble Chiral Calixarenes. by Zhang, Yuling
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1997
Syntheses, Separations, and Applications of Water-
Soluble Chiral Calixarenes.
Yuling Zhang
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation




This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type o f computer printer.
The quality of th is reproduction is dependent upon the quality  o f the 
copy submitted. Broken or indistinct print, colored o r poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
hi the unlikely event that the author did not send UMI a  complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand com er and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back o f  the book.
Photographs included in the original manuscript have been reproduced 
xerographicaily in this copy. Higher quality 6” x 9” black and white 
photographic prints are available for any photographs o r illustrations 
appearing in this copy for an additional charge. Contact UM I directly to  
order.
UMI
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/321-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SYNTHESES, SEPARATIONS, AND APPLICATIONS OF 
WATER-SOLUBLE CHIRAL CALIXARENES
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in Partial Fulfillment of the 
Requirements for the Degree of 
Doctor of Philosophy
in
The Department of Chemistry
by
Yuling Zhang 
B.S. Chongqing University, Chongqing, China, 1984 
M.S. China University of Geosciences, Beijing, China, 1987
August, 1997
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 9808790
UMI Microform 9808790 
Copyright 1997, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Dedication
To My Father and Mother
ii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Acknowledgments
The author acknowledges the support and assistance made by the following people to the 
completions o f this work:
Dr. IsiahM Warner, for directing this research and providing enormous freedom for the 
development o f my own ideas.
Warner research group, for the help from Montse, Rezilc, Stefan, Hang, and many others, 
for their special friendship.
My sister, Chuang Zhang, for her friendship and encouragement to me. Specifically I 
thank her for the care she has given to my parents while I was away from home all these 
years.
My husband, Jin He, for the love and support especially during the difficult times.
iii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table of Contents
Acknowledgements........................................................................................................in
List o f Tables................................................................................................................ v
List o f Figures................................................................................................................vi
Abstract.........................................................................................................................x
Chapter 1.
Part I. Introduction to Calixarene Chemistry..................................................... 1
Part II. Introduction to Fluorescence Spectroscopy.......................................... 22
Part in . Introduction to Capillary Electrophoresis...............................................57
Chapter 2
Part I. Synthesis and Characterizations of Water-soluble Sulfonated
Calixarene Derivatives.........................................................................73
Part n . Separation o f Water-soluble p-Sulfonated Calixarenes (4), (6), (8)
and 4-hydroxybenzene Sulfonate by Use o f Capillary Zone 
Electrophoresis................................................................................... 83
Chapter 3. Spectroscopic Studies of Water-soluble Sulfonated Calix(6)arene........ 98
Chapter 4. Complexation Studies o f Water-soluble Calixarenes and
Auramine O Dye.................................................................................117
Chapter 5
Part I. Synthesis and Use of Water-soluble Chiral p-pentoxylsulfonated
Chiral Calixarene in Separation o f Chiral Drugs by Capillary
Electrophoresis................................................................................. 140
Part II. Synthesis and applications of Novel Chiral Ar-acylcalix(4)arene
amino Acid Derivatives......................................................................145
Chapter 6. Separation o f Lanthanides and Quantification of Hydronium
Ion by Capillary Zone Electrophoresis............................................... 164
Chapter 7. Summary and Future Studies............................................................... 187
Vita  192
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
List of Tables
Table 1.1. The Properties o f Calixarenes and Cyclodextrins......................................... 11
Table 12. The Reported pK, Values o f p-sulfonated Calix(6)arene............................ 13
Table 4.1. Formation Constants Calculated from Benesi-Hildebrand 1:1
Stoichiometry Plot and from Nonlinear Regression........................................134
Table S.l. Elemental results for N-acylcalix(4)arene L-alanme (CmHmN ^ s)............ 153
v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
List of Figures
Figure 1.1 A model o f enzyme mimics proposed by Gutsche...................................... 2
Figure 1.2. The structures o f p-ferf-butylcalixarenes (4), (6), (8).................................4
Figure 1.3. The number o f articles on calixarenes published since 1979...................... 5
Figure 1.4. The cavity size and cylinder shape of p-terf-butylcalix(6)arene..................6
Figure 1.5. The confbrmers ofp-ferr-butylcalix(6)arene................................................9
Figure 1.6. The structures o f water-soluble calixarenes with various functional
groups............................................................................................................... 12
Figure 1.7. The electromagnetic spectrum.....................................................................26
Figure 1.8. Jablonski diagram........................................................................................ 27
Figure 1.9. The Franck-Condon principle......................................................................36
Figure 1.10. Stokes' law................................................................................................ 37
Figure 1.11. The mirror image rule................................................................................38
Figure 1.12. Anthracene derivatives..............................................................................51
Figure 1.13. The structure and energy state o f the chemical and its tautomer.............53
Figure 1.14. A schematic diagram o f the fluorometer.................................................. 56
Figure 1.15. The Electrical Double Layer in die Interfacial Region Close to a
Charged Surface and die Potentials in the Surface Region..............................60
Figure 1.16. A Schematic Diagram o f Capillary Electrophoresis................................. 64
Figure 2.1. An electropherogram o f the calixarenes and phenol monomer................86
vi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2 2 . Electropherograms o f the calixarenes and monomer................................. 89
Figure 2.3. Electropherograms of die calixarenes and monomer with buffer
in the presence of MgCl2>....................................................................90
Figure 2.4. Electropherogram of SCX6 at 2.5 xlO^ M.............................................. 94
Figure 2 3 . Electropherogram o f one batch o f SCX8 sample.....................................94
Figure 3.1. Absorption spectrum o f SCX6 (2.08 x I O'5 M) at pH=2.0.....................102
Figure 3 2 . A calibration plot o f SCX6 absorbance..................................................... 103
Figure 33 . The absorption spectra o f SCX6 at different pHs................................... 103
Figure 3.4. The absorption spectra of/^hydroxybenzene sulfonate at
various pHs..................................................................................................... 104
Figure 3.5. The fluorescence spectra of SCX6 excited at 270 nm at various pHs 106
Figure 3.6. The fluorescence spectra of/vhydroxybenzene sulfonate excited
at 270 nm (at various pHis).............................................................................. 107
Figure 3.7. Plots o f front face and right angle fluorescence measurements
(excited at 270 nm) against the concentrations o f SCX6............................ 113
Figure 4.1. Chemical structures o f calixarenes, monomers, and fluorescence
probe (AuO)................................................................................................. 121
Figure 4.2. a. Absorption spectrum of AuO (5.0xl0*s M) at pH =7.0.
b. Emission spectrum of AuO......................................................................... 124
Figure 4.3. Absorption spectra o f AuO at various concentrations of SCX6
in die range from 0.0 mM to 0.5 mM.............................................................125
Figure 4.4. a. Fluorescence spectra of AuO (5.0xl0*5 M) in the presence o f 
monomer (MH) b. Fluorescence spectra o f AuO (5.0xl0"5 M) in the 
presence o f calixarene (SCX6)....................................................................... 127
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.5. a. Fluorescence spectra o f AuO (5.0x1 O'5 M) in the presence of 
monomer (M-CjHn). b. Fluorescence spectra o f AuO (5.0x1 O'5 M) 
in the presence of calixarene (SCX6-CsHIt)..................................................129
Figure 4.6. a. Benesi-Hildebrand plot assuming a 1:1 stoichiometry between 
SCX6 and AuO. b. Benesi-Hildebrand plot assuming a 2:1 
stoichiometry between SCX6 and AuO.......................................................... 133
Figure 5.1. The cylinder shape of/>-pentDxy]sulfbnatedcalix(6)arene.........................141
Figure 52. Synthetic scheme o f chiral />-pentoxylsulfonated calix(6)arene................ 143
Figure 5.3. The chemical structures of propranolol and 1-naphthylethyl isocyanate.. 144
Figure 5.4. Electropherogram o f (±) propranolol obtained by use o f electrolyte
buffer in......................................................................................................... 145
Figure 5.5. The synthetic scheme of the water-soluble aminocalixarenes....................149
Figure 5.6. UV absorption spectra o f partially and completely reacted
calix(4)arene ester (10).................................................................................150
Figure 5.7. A chromatogram of die reaction mixture...................................................154
Figure 5.8. Cone conformation o f Ar-acylcalix(4)arene amino ester............................. 157
Figure 5.9. Chemical structures o f the binaphthyl derivatives...................................... 159
Figure 5.10. Electropherograms o f the separation o f a racemic mixture of
BJNOL(l), BNHP(2), and BNA(3)...............................................................160
Figure 5.11. Electropherograms of a racemic mixture o f BNHP(l), BINOL (2),
and BNA(3).................................................................................................... 161
Figure 6.1. Electropherogram o f a 5 ppm lanthanide standard mixture obtained
byuseof electrolyte buffer I..........................................................................168
Figure 6.2. Electropherograms showing the influence o f injection size on the
separation of lanthanides................................................................................. 170
vui
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 6.3. Electropherogram in the presence o f HAc for a 5 ppm lanthanides
standard mixture using buffer II.......................................................................172
Figure 6.4. Electropherograms illustrating die effects o f various concentrations
ofNaAc on die separation o f 5 ppm lanthanide standard mixture.................174
Figure 6.5. Electropherograms illustrating the effects o f various concentration
of NaCl on the separation o f 5 ppm lanthanide standard mixture..................176
Figure 6.6. Electropherograms o f (a), a  35 ppm Tm** dissolved in water and
6 mM HN03; (b). 6 mM HN03 and neutralized 6 mM HN03 by addition 
of 0.1 MNaOH............................................................................................... 178
Figure 6.7. Electropherograms showing the effect o f the electrolyte pH on H30 +
peak by use o f bufferVandVL......................................................................180
Figure 6.8. Calibration curve o f creatinine as buffer (at pH 2.8). R=0.999. Buffer 
V m  was used................................................................................................ 183
Figure 6.9. Calibration curve o f H30 +. The insert figure is the linear plot
(R=0.996). Buffer VIE with 8.0 mM creatinine was used.............................. 184
ix
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Abstract
This dissertation focuses on the study o f water-soluble calixarene derivatives 
as receptors for fluorescence probes and as chiral selectors. The synthesis of 
sulfonated calixarenes was first pursued and a method for die separation of sulfonated 
calixarenes (4), (6), (8) and die 4-hydtoxylbenzene sulfonate monomer by capillary 
zone electrophoresis with direct UV absorbance detection is described.
Fluorescence and absorption studies o f water-soluble sulfonated calix(6)arene 
(SCX6) are reported. A red shift in the absorption spectrum and a change in the 
fluorescence spectrum of the calixarenes are observed upon an increase in pH from 2.0 
to 13.0. The spectroscopic changes are attributed to intramolecular hydrogen bonding 
between adjacent hydroxyl groups o f SCX6.
Auramine O dye was used to study the complexation properties o f the host 
molecules, calix(6)arene sulfonates. The fluorescence o f Auramme O is enhanced as a 
result o f its association with calixarenes. The formation constants for these 1:1 
complexes are estimated to be about 1.5x10* M '1.
Novel synthesis and characterization o f chiral aminocalixarene derivatives with 
amino acid groups attached to the lower-rim of p-tert-bvXy\ calix(4)arene are presented. 
The new chiral water-soluble calix(4)arenes have been used in the resolution o f three
x
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racemic (±)1, l'-binaphthyl derivatives using capillary electrophoresis (CE). Moreover, 
/7-pentoxylsuIfonated calix(6)arene was synthesized and used as an additive in CE for 
chiral separations. (R, S)-Propranolol and (R, S)-l-naphthylethyl isocyanate have been 
successfully baseline separated by addition o f the chiral calixarene to the electrolyte. 
These water-soluble chiral calixarenes act as a pseudostationary phase to provide 
enantiomeric recognition, resulting in chiral separations.
In addition to calixarene studies, H30 + has been quantitatively detected by use of 
creatinine as a UV absorbance reagent. The limit o f quantification is about 0.03 
nanomoles. The late appearance ofH 3CT at pH=4.4 is attributed to the weak acid-base 
equilibria of HEBA and HAc in the buffers as H3CT migrates through the capillary.
xi
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Chapter I Introduction 
Part I. Introduction to Calixarene Chemistry
Introduction to Calixarenes
History of r«Hi«rtnc Chemistry
Calixarene chemistry has evolved from phenol-formaldehyde chemistry. The 
synthesis of calixarenes was first conducted by Adolph Von Baeyer in 1872 [1], a 
German organic chemist. However, the products were not characterized for seventy 
years due to the poor instrumental techniques of those days. In the early 20th century, 
Leo Baekeland patented a synthetic procedure for making a tough, resilient resin from 
the phenol-formaldehyde reaction [2]. The resin was first learned phenoplast and was 
successfully marketed under the trade name: Bakelite. This commercial success brought 
much attention to both industrial and academic researchers in phenol-formaldehyde 
chemistry. A large amount o f literature on phenoplasts has been published. Among 
these investigations, a significant advance was proposed by the Alois Zinke's research 
group at the University o f Graz in Austria [3]. In the 1940s, Niederl and Vogel proposed 
that the products obtained from p-alkyiphenols with aqueous formaldehyde and sodium 
hydroxide conformed to cyclic tetrameric structures [4]. Later, in the 1970s, a 
methodology similar to Zinke's was patented by Petrolite corporation, which is located 
in Webster Groves, Missouri [5].
The next advances in this field of research were made by David Gutsche, a former 
professor of Washington University, who is currently at Texas Christian University.
1
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University. Professor Gutsche became particularly interested in cyclic oligomeric 
chemistry when he realized that Zinke cyclic tetramers could be used as molecular 
receptors similar to synthetic enzyme mimics for bioorganic reactions. The practical 
applications o f this assumption have been undertaken since 1972 at Washington 
University. The mam idea o f enzyme mimics is to provide a receptor with appropriate 
functional groups which would specifically interact with certain substrates. For 
example, some reactions can be catalyzed by a  factor o f more than a million when the 
reactants are encapsulated in the proper receptors. This general concept o f enzyme 
mimics [6] is diagrammed in Figure 1.1.
Substrates
Receptor Receptor-substrate Receptor Products
Complex
Figure 1.1 A model o f enzyme mimics as proposed by Gutsche
After observing a similarity in shape between the cyclic tetramers and the Greek 
vase(calix), Gutsche coined the name 'calixarenes' (Greek, calix, chalice; arene, 
indicating the incorporation of aromatic rings) [7]. He specified the sizes o f the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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macrocycles by inserting a bracketed number, referring to die number o f benzene rings, 
between calix and arene; and die appropriate prefixes on the aromatic ring before 
calixarenes. Therefore, calixarenes are defined as a  class o f cyclic host molecules 
comprising o f phenol units linked by methylene groups. For example, the molecules 
in Figure \2  are denoted as/>-ferf-butylcalix(4)arene, />-/ert-butylcaIix(6)arene, and p~ 
ferf-butylcalix(8)arene, respectively.
The other major groups working on calixarenes are Bdhmer from Germany, 
Atwood from the USA, Shinkai from Japan, Ungaro from Italy, Perrin from France, 
Reinhoudt from Netherlands, and Huang and Zhao from China. Many modern 
instrumental techniques such as UV, Fluorescence, X-ray, NMR, IR, HPLC, and CE 
have been employed to investigate the structures o f these unique molecules. Two 
monographs were published in recent years. One is Calixarenes written by Gutsche [6] 
and the other is part of a series o f Topics in Inclusion Science edited by J. Vicens and 
V. Bdhmer [8]. In these books, the authors summarize the various synthetic methods, 
the physical properties, the conformations and structures, the inclusion properties o f 
calixarenes as host molecules, and the applications o f calixarenes as catalysts, cation 
receptors, and carriers. There have been many research articles printed in international 
journals on the topic o f calixarenes. A rough survey [9] on the publication o f papers 
from 1978 to 1995 was outlined and an excerpt is shown in Figure 1.3.






Figure 1.2. The structures o f p-ferf-butylcalixarenes (4), (6), (8)




70 0 1 M M 0 7 M 0 1 M M
Fiscal year
Figure 1.3. The number o f articles on calixarenes published since 1979 
Physical-chemical Properties n f CaH «reaea
Chemical S tructu res^  noted earlier, calixarenes are a class of cyclic phenols, linked 
by methylene groups. The simplest form can be expressed as the structure below,
D
where R refers to various functional groups. So far, the smallest calixarene contains 
three phenol units, whereas the largest calixarene reported is comprised o f twelve 
phenol units. Since experiments [10] have shown that it is much easier to obtain even
OH
n = 3 ,4 ,5 ,6 ,7 ,8 ,9 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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number phenol-based calixarenes, we have focused our research on calixarenes (4), (6), 
and (8). These molecules have many similar properties due to their highly symmetrical 
structures. They all have cylindrical shapes with various cavity sizes due to the 
presence o f different numbers o f phenols, and with heights that vary according to 
functional groups on die molecule. Figure 1.4 displays a  schematic feature o f p-tert- 
butylcalix(6)arene. The wider ferf-butyl side o f the p-benzene rings is defined as the 
upper rim, whereas the narrower hydroxyl side of the cylinder is defined as die lower 
rim [11]. These terms will be used throughout this dissertation.
Upper rim
Lower rim
Figure 1.4. The cavity size and cylinder shape of p-ferf-butylcalix(6)arene
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Melting Points. The melting point o f each compound provides an indication o f its 
purity. The high melting points o f die calixarenes play an important role in their 
chemistry, especially those with free hydroxyl groups. Most calixarenes have melting 
points above 3001! [12]. These unusually high melting points suggest that these types 
of calixarenes are thermally stable. O f course, any derivatization of calixarenes alters 
the melting points. For example, esters and ethers o f calixarenes exhibit melting 
points 220 °C, which is lower than that o f free hydroxyl calixarenes[13].
Solubilities The most common forms o f calixarenes are somewhat soluble in several 
organic solvents, but are essentially insoluble in water [6]. This feature causes 
difficulty for their isolation, purification, and characterization. Fortunately, most 
calixarenes are soluble in chloroform, methylene chloride, pyridine, dimethylsulfoxide 
(DMSO), and dimethylformamide (DMF), which allows spectroscopy measurements 
in solution. Improving the solubilities o f calixarenes by functionalizing the original 
calixarenes has been o f special interest to chemists. Hence, there is a need to review the 
literature on water-soluble calixarenes.
Spectroscopic Properties Spectroscopic methods, such as Ultraviolet (UV), Infrared 
Spectra (IR), Nuclear Magnetic Resonance (NMR), X-ray Crystallography, Mass 
Spectroscopy (MS), and Fluorescence Spectroscopy have been employed to study the 
physical and chemical properties o f calixarenes. The results of these studies reveal 
different aspects o f the properties o f calixarenes. The UV spectra [14] of calixarenes 
exhibit an absorption maximum at around 280 nm. The absorptivities (mole cm *')
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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range from 10000 to 23000 at 280 nm depending on the number o f phenols in the 
molecule. With respect to their IR spectra [6], although the fingerprint regions of 
calixarenes are similar to one another, the stretching vibration o f the OH group appears 
at an unusually low frequency from 3150 cm*1 to 3300 cm*1, which has been attributed 
to strong intramolecular hydrogen bonding between the lower rim hydroxyl groups of 
calixarenes[15].
NMR spectroscopy appears to be a powerful tool in identifying the structures 
of calixarenes. Since there is symmetry among these cyclogomers, the NMR spectra 
are rather simple, despite the ring size, hi die ‘H NMR spectra [16], the unexpected 
down-field shift o f the protons on the hydroxyl groups to about 10 ppm suggests the 
formation o f strong intramolecular hydrogen bonds. The resonances from -CH2- 
protons normally provide information about the conformation o f calixarenes. 
Regarding calix(4)arene [17], the -CH2- singlet indicates that the conformation o f the 
molecule is not fixed, while a pair of doublets suggests that the molecule has a fixed 
cone conformer.
Several other spectroscopic tools have been used to study the structures o f 
calixarenes. For example, X-ray crystallography [18] has been widely used to identify 
the conformation o f calixarenes in solid state. In addition, mass spectroscopy is used 
to determine the molecular weights o f calixarenes. The mass fragmentation in MS 
spectra [19] can provide some structural information, but not as detailed as NMR or X- 
ray crystallography. Fluorescence measurements o f calixarenes have also contributed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to the knowledge and understanding of calixarenes [20].
Conform ational Properties The chemical structures o f most common calixarenes
allow variable conformations due to die rotations o f  die methylene groups between 
phenols. The upper-rim and the lower-rim o f calixarenes are known to rotate through 
the -CH2- (the single covalent bond between phenols). For example, calix(4)arene 
consists o f cone, partial cone, 1,2 alternate, and 1,3 alternate conformers [6] while 






(e) (0 (I) f t )
Figure 1.5. The conformers o f p-/ert-butylcalix(6)arene 
conformers for calix(8)arene is sixteen, which is obtained based on the calculation from 
permutation and combination.
In general, calixarenes showing conformational mobility in solution can be 
frozen into a particular conformation by crystallization. X-ray crystallography is the 
best technique for obtaining conformations in the solid state, whereas information on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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solution conformations can be ascertained from NMR data. The flexibility o f 
calixarenes can be avoided by fiinctionlization o f calixarenes to freeze the upper-rim or 
the lower-rim o f die molecules. This approach has been quite successful. Examples 
are bridged calixarenes [21], double calixarenes [22], and crown ester calixarenes [23]. 
The flexibility of calixarenes may also be reduced by forming complexes with a second 
component. Cone conformation may be induced by the formation o f complexes within 
solutions [24].
Comparison to Cyclodextrins. Cyclodextrins, as host molecules, have been a focus 
o f chemical research for many years [25-26]. The cavities o f a-, (3-, and y- 
cyclodextrins have inner diameters o f 5.7, 7.8, and 9.5 A, respectively [25-26]. In 
contrast, those ofcalix(4)arene, calix(6)arene, and calix(8)arene are 3.0, 7.6, and 11.7 
A, respectively [6]. Thus, the diameters o f calixarenes (4), (6), and (8) are comparable 
to those o f a-, (J-, and y- cyclodextrins. Calixarenes, like cyclodextrins, can 
selectively include various guest molecules according to their size and hydrophobicity. 
Table l . l .  summarizes the similarities and differences between cyclodextrins and 
calixarenes.
Significance of Calixarenes There are some advantages o f using calixarenes, as 
opposed to cyclodextrins, as host molecules because o f their unique compositions 
involving the presence of phenols. The weak forces playing major roles in the complex 
formation o f biological systems are hydrogen bonds, tc-tc interactions, electrostatic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1.1 The Properties o f Calixarenes and Cyclodextrins
p-ferf-butylcalixarenes (4) (6) (8) a-, P~ , y  -Cyclodextrins
Compositions phenolic units oligosaccharides
Cavity sizes (A ) CX4 3.0 o-CDS.7
(diameter) CX6 7.6 P-CD7.8
CX8 11.7 Y-CD9.5
Cavity properties flexible rigid
heterogenous homogeneous
Solubility not water-soluble limited
Spectroscopic absorption at <320 nm no absorption
properties
Derivatizations quite easy difficult
interactions, and dipole-dipole moments [27]. Calixarenes consisting o f phenols 
provide all o f these characteristics.
Water-soluble Calixarene Chemistry
FunctionaliM tioa r fC iH n rM e IWrivativM
Calixarenes in their basic forms have poor solubilities in many solvents. 
Therefore, experimental efforts have been directed toward the improvement o f 
calixarene solubilities, especially in aqueous solution, due to biological interests 
concerning calixarenes as enzyme mimics. There are several kinds o f water-soluble 
calixarenes which have been synthesized, including sulfonato [28], amino [29], nitro
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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[30], carboxyl [31], and phosphonato [32] derivatives. Figure 1.6 presents die 











n = 4 ,6,8.
R - alkyl groups
Carboxyethylcalix(n)arenes Phoaphonatocalix(n)arenes
Figure 1.6. The structures of water-soluble calixarenes with various functional 
groups
pK. M easurements o f f iH n r w «
The measurement o f the pK. of water-soluble calixarenes has been attempted for 
nitrocalixarenes and sulfonated calixarenes. Although the reported data from different 
authors vary, die results o f these studies demonstrate that calixarenes have much lower 
pK, values than die monomer, fa 1984, Arturo etal. first successfully obtained the pK,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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value of 6.0 for mono-nitrocalixarene in a mixture o f 1:1 w ater methanol [33]. In the 
same year, Shinkai e t al. [34] reported the pK» measurements o f moderately water- 
soluble /^nitrocalixarenes and very water-soluble /r-sulfonatocalixarenes.
For/>-sulfbnatedcalix(6)arenes, the reported pK»'s do not agree. The values [35- 
37] are summarized in Table 1.2.
Table 1.2. The Reported pK, Values o f />-sulfonated Calix(6)arene.
pK.1 pK«? pK.4 pK«5 pK.6
Shinkai <1 3.0 4.0 >11.0 >11.0 >11.0
Scharff 3.45 5.02 >11.0 >11.0 >11.0 >11.0
Atwood 3.44 4.76
Based on the values of Shinkai and Scharff studies, Atwood etal. reported their 
investigation and concluded that Shinkai’s value o f pK ,l was not due to the phenol 
group on calixarene, but instead due to the sulfonic acid group. Therefore, the 
reassignment o f the pK, values reported by Shinkai would be pK.l=3.0, pK,2=4.0, and 
pK.4 >11.0, which are comparable to the values obtained by Scharff and Atwood. 
Apparently, the first two pK^s of calixarene are much lower than the pK, o f p-sulfonate 
phenol (9.5), while the other pK^s are much higher than those o f p-sulfonate phenol. 
After examining the efforts of these authors, one can see the general stability and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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strength o f hydrogen bonding occurring within the lower rim  o f the calixarenes. 
Inclurinn phenom ena o f  a H fiw ti with metab and organic compounds
Recognition o f metals, such as alkali, «ngaiim> earth metal ions, and lanthanides, 
is one of the most interesting topics in host-guest chemistry. Most o f the reported metal 
binding of calixarenes involves non water-soluble calixarenes [6, 8]. Since the main 
focus o f this dissertation is water-soluble calixarenes, a full literature review on this 
subject is beyond die scope o f this thesis. Therefore, only studies o f metal binding with 
water-soluble calixarenes are summarized in the following tex t
Although there is only one group working on the recognition study of U 022+ by 
water-soluble sulfonated calixarene derivatives, this research has been very productive. 
In 1988, Shinkai et al. reported the recognition o f UO22* by p-carboxymethoxy 
sulfonated calix(6)arenes [38]. The authors found that the association constants (log K) 
for U 022+, Ni2+, Zn2+, and Cu2+ are 18.7, 3.2, 5.6, and 6.7, respectively. The authors 
demonstrated that the affinity for the calixarene was specific to U 022+. They concluded 
that this is due to the hole-size selectivity. Later die same year, Shinkai's group 
synthesized a polymer resin which immobilized calixarene-based uranophiles in a 
chromatographic column [39]. The column was placed in the ocean to selectively 
extract uranium from sea water. This method provides an inexpensive approach for the 
acquisition o f U 022+ in large quantities. In addition, die author also claimed that the 
binding sites o f calixarenes and U022+ were at die carboxyl groups. Atwood et al. 
investigated p-sulfonated calix(5)arene by use o f X-ray crystallography [40]. The
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guest molecules in their studies were lanthanides. They concluded that the binding of 
the calixarenes and the metal ions occurred at the sulfonate groups in the solid state.
Unlike metal binding studies, there have been numerous studies reported on the 
complication o f calixarenes with organic compounds. Since water-soluble calixarenes 
possess hydrophobic and hydrophilic properties, they are capable o f encapsulating 
neutral organic species as well as ionic species. Such a study [41] was demonstrated 
by Shinkai et al., who investigated the complexation o f calixarenes using the polarity 
fluorescence probe phenol blue. The large shifts in the fluorescence spectra o f phenol 
blue found in calixarene cavities suggest that hexasulfonated calixarenes enhance the 
stability of the included cationic species as a result of die six anionic groups on the 
upper rim of the calixarene cavity. They concluded that the cavity o f calixarene is more 
polar than water [42]. In addition, the stoichiometry o f the complex was determined 
to be 1:1. Further studies o f this system included the detailed examination of various 
cavity sizes [calixarenes (4), (6), and (8)]. The binding constants of those host 
molecules were systematically estimated. The guest molecules studied were phenol 
blue (PB, a slim long molecule) and anthrol blue (AB, three times bigger than PB). The 
results of the estimated binding constants for the smaller guest molecule (PB) are in the 
order of CX6 > CX4 > CX8, whereas the constants for the larger guest molecule (AB) 
are in the order o f CX8 > CX6 > CX4. The authors concluded that calixarenes are 
capable of size-selectivity. This further encouraged the idea of appropriating 
calixarenes as synthetic enzyme mimics.
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Shinkai et al. [43-44] also employed other guests such as trimethylanilinium 
chloride and 1-aria man tyltrimcthyl ammonium chloride for use in binding studies with 
sulfonated calixarenes (4), (6), (8). The binding constants determined by NMR were 
in the range o f 5.0x10* - 2x10* M '1. The results suggested the formation o f 1:2 
complexes between calix(8)arene and die guests. The authors hypothesized that the 
flexible calix(8)arene included the first guest in an induced-fit manner. The induced-fit 
conformer not only included one guest, but also allowed for the inclusion o f a second 
guest due to the availability o f its half vacant cavity. This finding supports the 
hypothesis o f pinched conformation o f calix(8)arene [6].
More studies on the complexation between calix(4)arene and organic ionic 
species and metals were conducted by the same group. The NMR and crystallography 
studies [45-47] exhibited the alkali metal ions and organic ammonium ions suppressing 
the rate o f calixarene ring inversion. It appeared that the metal ions and the organic 
ammonium cations fix calix(4)arene conformation. They proposed that the metal ions 
were on the lower-rim of calixarene hydroxyl groups, whereas the organic ions were at 
the upper-rim o f the calixarene sulfonate groups. The organic ammonium ions exerted 
larger template effects on calix(4)arene than did alkali metal ions. Further, Arimura et 
a/. [48] reported the synthesis o f water-soluble, cationic, and anionic calix(6)arenes from 
p-(chlorometyl) calix(6)arene. The results o f their study demonstrated hydrophobic 
interactions between calixarenes and a fluorescence probe sodium 1 -anilinonaphthalene- 
8-sulfonate (ANS). More recently, a novel water-soluble calixarene-containing polymer
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was synthesized by Gravett and Guillet [49], in which the polymer was allowed to 
incorporate 2-(6-sulfo-2-naphthoxy) ethylmethacrylate sodium salt (NS). The 
photophysical studies o f this calixarene-based polymer suggest the presence o f energy 
migration among the naphthalene sulfonate groups as well as energy transfer from the 
naphthalene sulfonate groups to the solubilized guest perylene.
Chiral Calixarene Chemistry
As previously mentioned, most common forms o f calixarenes, either water- 
soluble or non-water-soluble, are not chiral. However, chiral selectivity or recognition 
by host molecules is an important process for enzyme mimics. It has been reported that 
the pharmacokinetical characteristics o f the individual enantiomers of several drugs may 
exert differences which cause serious physiological problems. The chiral recognition 
between the biological system and certain drugs may be a factor in this matter [50-51], 
Therefore, a number o f studies have been performed involving chiral selectivity.
In cyclodextrin chemistry, there has been a particular research interest in the 
area of chiral recognition. According to many reports, cyclodextrins are able to exert 
different binding capabilities with asymmetrical guest molecules as well as catalyze the 
reactions o f chiral molecules [52-53]. My research goal has involved the synthesis of 
a calixarene-based enzyme mimic. It is a major step toward our ultimate goal to 
introduce chiral centers on both rims o f calixarenes, or to provide asymmetry in 
calixarenes by substituting different functional groups on phenol groups. The first 
chiral calixarene was reported by Kwang and Gutsche in 1982 [54]. Since then, this area
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has received much attention. So far, there have been approximately thirty papers 
published on this topic [9]. Among those published articles, two types o f chiral 
calixarenes have been reported. One type includes calixarenes attached with different 
achiral functional groups to provide asymmetrical calixarenes. The other type contains 
calixarenes with chiral functional groups, hi die latter case, the cavities of calixarenes 
appear more homogeneous as well as more optically active.
Asymmetric Calixarenes
As indicated indie first section, calixarenes exist in a variety o f conformations 
such as cone, partial cone, and alternate conformers. The numbers o f conformers for 
calixarenes (4), (6), and (8) are four, eight, and sixteen respectively. If  the functional 
groups on each phenol are the same, the calixarenes are achiral. Calixarenes with 
different substituents A, B, C, and D on either the upper-rim or the lower-rim are 
certain to be chiral, whether the conformation o f the calixarenes is cone, partial cone, 
1, 2 alternate, or 1,3 -alternate. However, whether one or more than one substituent 
is different and whether the molecule is chiral or not depends on the conformation o f 
the molecule. It is known that calixarene cavities are flexible due to ring inversion. 
This internal ring inversion changes the conformation, and thus affects the optical 
activity o f the calixarenes. The optical activity may decrease or be totally suppressed 
by internal ring inversion. Therefore, it is difficult to separate the racemate [56]. So 
far, reports of asymmetrical chiral calixarenes have been limited to calix(4)arene. Even 
with the smallest ring size calix(4)arene, there are many possible combinations of chiral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
calixarenes with different subsituents on the phenol rings. Iwamoto et al. [58] 
explained tins concept in detail by using a  table indicating the correlation between the 
number of different substituents and die conformations. Therefore, asymmetrical or 
dissymetrical calixarenes are not necessarily chiral. Judgement based on the data from 
X-ray or proton NMR splitting sometimes produces incorrect conclusions. The best 
technique to determine die chirality o f these compound is circular dichroism (CD), 
while the best separation methods for die racemates are HPLC and capillary 
electrophoresis (CE).
Cflliiarenes with Chiral Substituents
Chiral calixarenes can be obtained by the introduction o f chiral substituents on 
the lower-rim or die upper-rim. Several examples o f these types of chiral calixarenes 
were reported by Shinkai et al. One o f die examples is hexasulfoato-hexa [S-2- 
methylbutoxy] calixarenes (4), (6), and (8) [59-60]. The chirality of these molecules 
was confirmed by large 0 values obtained from die CD spectra. The complexation 
properties of these calixarenes with achiral guest molecules such as aliphatic alcohols 
and dyes have been investigated using CD spectra. It was found that the CD spectra of 
calix(4)arene were not altered by any o f the guest molecules, whereas the CD spectra 
o f calix(6)arene and calix(8)arene changed with die size or nature o f the guests. The 
research group concluded that the conformation o f calix(4)arene was not induced by the 
complex formation due to its rigidity, while the conformation o f calix(6)arene and 
calix(8)arene were induced by the guest molecules and their nature.
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Nagasaki etaL also synthesized water-soluble chiral calixarenes with L-cysteine 
on the upper-rim [61]. Although complexation studies o f guest molecules such as ANS, 
DASP, and pyrene have been reported, die most important point o f this work involved 
the possibility o f synthesizing calixarene-based amino acid host molecules. This was 
a step toward building enzyme mimics. Most recently, Batard et al. reported the 
synthesis of a chiral calix(4)arene bearing (RH +) or S-(-) (methoxymethyl)-pyrrolidin 
groups (MMP) on die upper-rim [62]. The chirality was confirmed by use o f CD, 
indicating that die attachment o f die MMP groups on the calixarene skeleton increases 
the chirality of MMP.
Focus of Research Reported in This Dissertation
The focus of die research reported in this dissertation is on water-soluble 
calixarenes. Water-soluble sulfonated calixarenes (4), (6), and (8), corresponding to 
SCX4, SCX6, and SCX8, have been successfully synthesized and fully characterized. 
Since the procedures for the syntheses o f SCX4,6, and 8 are quite similar, it is difficult 
to obtain calixarenes with a specific number o f phenol units. Moreover, because the 
calixarenes have die same empirical formulas, it is also not possible to distinguish 
differences by chemical analysis. Although Nuclear Magnetic Resonance (NMR) can 
provide some structural information about calixarenes, die low sensitivity o f this 
technique is a problem. Therefore, separation methods are very useful for detection and 
purification of calixarenes. A procedure involving capillary zone electrophoresis with
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UV absorbance detection will be described m this dissertation for the separation o f ionic 
calixarenes and the phenol monomer.
Like cyclodextrins, water-soluble sulfonated calixarenes can form complexes 
with a variety o f aromatic guests in aqueous solution. However, the phenolic units of 
calixarenes, which can absorb UV light and are also fluorescent, are spectroscopically 
different from die oligosaccharide units o f cyclodextrins. Therefore, we have 
investigated the photophysics o f die calixarenes themselves while examining the 
luminescence o f their inclusion complexes.
In addition, new water-solublep-sulfonated pentyloxycalixarene (SCX6-CsH( t) 
and the monomer of this calixarene have been synthesized. The results o f NMR and 
elemental analysis confirmed that we have obtained pure products. We have employed 
these new compounds and p-sulfonated calixarene (SCX6) to conduct complexation 
studies with cationic dye such as Auramine O (AuO). These complexes have been 
characterized by the use o f absorption and steady state fluorescence measurements.
Furthermore, new chiral calixarene derivatives bearing amino acid groups on 
the lower rim  of the calixarenes have been synthesized, characterized, and used as 
buffer additives. These water-soluble chiral calixarenes act as pseudostationary phases 
in capillary electrophoresis to conduct enantiomeric recognition, resulting in chiral 
separations.
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P art n .  Introduction to Fluorescence Spectroscopy 
The initial observation o f fluorescence dates back to the sixteenth century when 
a Spanish scientist, Nicholas Monades, [63] reported the light emission from an extract 
ofKgriumnephiticiem. However, the first thorough paper on luminescence was written 
by George Stokes in 1852 [64]. He called the phenomenon “fluorescence’*, from the 
Latin “fluorospar”, a  glowing mineral. Since then, fluorescence techniques have become 
one o f the oldest and most powerful methods used in analytical and bioanalytical 
chemistry. Many fundamental monographs and multiauthor monographs on this 
technique have been published [64-77]. Fluorescence spectroscopy has always been one 
of the most attractive research areas for chemists. The number o f reviews and articles 
on the analytical and biomedical applications o f luminescence has also increased at an 
incredible rate over the years [78-82]. Regarding instrumentation, laser-based and fiber­
optic based instrumentations have dramatically enhanced the sensitivity and selectivity 
o f fluorescence technique [83-86]. Luminescence in organized media continues to be 
explored in the area o f cyclodextrins [87-88] and surfactants [89-90]. Most recently, 
calixarenes [91-92] are being used as host molecules in systems o f organized media.
In this section o f the introduction, the fundamental theory o f molecular 
luminescence is presented in a brief form. A comprehensive review of the basic theory 
and applications o f fluorescence techniques is outside the scope o f this dissertation. If 
one needs more insight into this subject, one can consult the excellent monographs 
mentioned earlier [64-77].
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The Nature of Electromagnetic Radiation
Spectroscopy is a type o f physical science related to the measurement and 
interpretation o f electromagnetic radiation (ER) absorbed or emitted by matter from 
different energy states [66]. Before we discuss spectroscopy, ER needs to be defined. 
As we have learned from many literatures, ER is a  type o f energy transmitted through 
matter at vast speed. It can be recognized as light, radiant heat, X-ray, ultraviolet, 
microwave, and radio radiations which are associated with our daily lives. The intrinsic 
properties o f ER maybe described as both a wave model and a stream of discrete 
particles called photons. The wave model of ER employs wavelength (A), frequency (v), 
and velocity (c) as parameters to express the mathematical calculation. This wave model 
defines ERas a type of electrical field force which oscillates in a direction that is vertical 
to the direction of wave propagation. The model can reasonably explain many physical 
phenomena such as interference, diffraction, transmission, refraction, reflection, and 
scattering. The frequency and wavelength of ER are calculated as follows:
where k  refers to the wavelength of the ER in nm, v refers to the frequency of the ER 
in Hertz, and c is the velocity o f light in vacuum. The value is 2.9979 x 10® meter sec1.
However, this wave nature cannot be used to explain the phenomena related to 
absorption and emission between energy states o f matters. Therefore, ER is also
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described as a  stream of discrete photons which can be absorbed or emitted by matter. 
Therefore, it is valuable to visualize ER possessing wave properties as well as photon 
properties. The Einstein-Plank equation expresses the relationship o f the dual 
characteristics o f ER. In the equation, the energy of the photon is proportional to the 
frequency of the radiation:
E - h v  (1.2)
where E is die energy carried in Joules by a photon, v is the frequency o f the wave in 
Hertz, and h is Plank's constant (6.634 x lfr34 Joules.sec).
The Electromagnetic Spectrum
The electromagnetic spectrum [93] is an entire record of the interaction between 
molecules and radiation, which includes cosmic rays with wavelengths as short as 10 9 
nm to radio waves that possess wavelengths longer than 1000 km. Although the 
wavelengths of these radiations are encompassed within an extremely large range, the 
radiations are transmitted at the same speed as light in a vacuum. When the radiations 
are propagated through any medium containing matter, the velocity at which the light 
travels decreases due to the interactions between the electromagnetic field of the 
radiation and the bound electrons o f the medium. Consequently, the wavelengths 
decrease as radiation propagates from a vacuum through other matter.
In the electromagnetic spectrum, different radiation reflects the different 
chemical and physical properties o f photons, which have different energies. Radio
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frequency is the effect o f the reorientation of nuclear spin states of matter in a magnetic 
field microwave due to die changes in electron spin states of matter with unpaired 
electrons in a magnetic field. Infrared radiation is in the region of frequency which is 
concerned with a single vibrational energy accompanied by a number of rotational 
energy. Radiation in the UV region is produced by the electronic energy o f the atoms 
or molecules resulting from transitions of valence electrons. For molecules, radiation 
also involves die vibrational and rotational energy. High energy radiation, such as X- 
ray radiation, is due to the transitions between energy levels of die inner electrons of 
the atom. Finally, y-ray radiation is generated by the atomic nuclei. Radiation 
spanning the entire region o f the electromagnetic spectrum is described in Figure 1.7. 
Jablonski Diagram
The absorption and the emission of light can be conveniently diagramed by the 
energy level reported by A. Jablonski in 1935 [66] (Figure 1.8). As we have discussed, 
all molecules possess a  number o f closely discrete energies that absorb a quantum of 
radiation that equals a kind of energy produced by two separate energy states. A 
Jablonski energy diagram can be used to illustrate electronic transitions. The diagram 
is composed of a ground electronic state Sq, excited single states Si and S2, a lowest 
triple state Tlt and an excited triplet superimposed with the smaller spaced vibrational 
states. The terms singlet and triplet are derived from multiplicity, which is used to 
express the orbital angular momentum of a given state. Most organic molecules contain
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Figure 1.8. Jablonski diagram
an even number of electrons. It is useful to mention here that multiplicity results when 
electrons have opposite spins, Le. with S=l/2, and the other in opposite direction with 
S = -  1/2, such that:
Af = 25 + 1 (1.3)
When the molecules contain all paired electrons, S=(l/2-l/2)=0. In this case, the
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multiplicity is 1, which refers to a singlet electronic state. When the electron spins are 
in parallel, then S=l/2+l/2=l, which gives a multiplicity o f 3. This is known as a triplet 
state.
The absorption process promotes a molecule from the ground state (Sq) to an 
excited state (S, or S J in about lC 15 sec. Molecules in the excited states release the 
absorbed energy by various photophysical processes including radiative and non-radiative 
pathways. The radiative paths include fluorescence and phosphorescence, whereas the 
nonradiative pathways include vibrational relaxation, internal conversion, intersystem 
crossing, fluorescence quenching, and other deactivation processes. These expressions 
will be discussed in greater detail in the following section.
UV-Absorption
Absorption o f energy by molecules is quantitized, resulting in the promotion of 
electrons from orbitals in the ground state to higher energy orbitals in the excited state. 
The absorption process can be denoted as follows:
h\
s ,  ~  ( S J , 10",5 J*C (1.4)
Luminescence is produced by the opposite photophysical process. In this regard, 
the UV-vis radiation o f ER and the related theoretical aspect will be the focus of this 
section. The total energy of a molecule is the sum o f its electronic energy, vibrational 
energy, and rotational energy. These energies decrease in the order ofEclcaronic, E ^ ,^ ^
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Erot«ion»h Molecular absorption in the UV region o f the electromagnetic spectrum 
corresponds to the electronic structure o f the molecule resulting from the transitions of 
valence electrons o f that molecule. These transitions correspond to the excitation o f an 
electron from an occupied molecular orbital (for example, a nonbonding p or bonding 
it orbital) to the next higher energy orbital (an antibonding 7t* or a* orbital).
The correspondence between the energy absorbed in an electronic transition and 
the frequency, or wavelength, or wave number, o f the radiation can be related as follows:
A U  = (i.5)
where h, v, and A. have the same meaning as described earlier and AE is the energy 
absorbed by a molecule during the electronic transition from ground state to excited 
state. The particular wavelength ofradiation absorbed by a molecule corresponds to the 
energy difference between the ground state and the excited state. Hence, UV energy is 
quantatized. The absorption spectrum stemming from a single electronic transition is 
expected to be a single and discrete line. However, a practical absorption spectrum 
appears as a broad band, rather than a the discrete line. This is due to the 
superimposition o f electronic absorption on the rotational and vibrational sublevels.
The major characteristics o f an absorption band are its position and intensity. 
The position o f the absorption relates to the wavelength of radiation whose energy is
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equal to that required for the specific electronic transition. The intensity o f absorption 
is mainly dependent on two elements. One is the difference between the ground state and 
the excited state. The other, more important difference, is the probability o f the 
interaction between the radiation energy and the electronic structure o f the molecule. 
Furthermore, the probability o f transition is proportional to the square o f the dipole 
moment o f the transition, which is proportional to the change in the electronic charge 
distribution occurring during the excitation process. The greater the changes in the 
transition moment, the more intense the absorption observed. On the other hand, 
transitions o f low probability are considered forbidden transitions. The intensity of 
absorption can be conveniently expressed by the Lambert-Beer law, which describes the 
relationship between corresponding amounts of absorbance, sample concentration o f the 
absorbing components, and the thickness o f the sample as follows:
log(-y-) ~zcb -  A = -log(-y-) = -logT (1.6)
where I„ is the intensity o f the radiant source, I is the intensity o f the radiation after it 
passes through the sample, e the molar absorptivity or molar coefficient, c the 
concentration of solute (M), b the pathlength through the sample, A the absorbance or 
optical density, and T the transmittance.
At this point, it is necessary to define several useful terms [93] which are 
frequently employed in discussions o f spectroscopy. Chromophore refers to a
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covalently unsaturated group producing electronic absorption (for example C=C, C=0, 
N 0 2, S 0 3*). Auxochrome is a saturated group with electron donors attached to a 
chromophore altering the transition moment o f the chromophore, resulting in 
modification of both the wavelength and the intensity o f absorption (for example OH, 
NHj, Br). Bathochromic shift represents a shift o f absorption to a longer wavelength 
owing to the substitution or solvent effect (a red shift). Hypsochromic shift is defined 
as a shift o f absorption to a shorter wavelength owing to the substitution or solvent effect 
(a blue shift). Hypercharomic effect and Hypsochromic effect represent an enhancement 
in absorption intensity and a reduction in absorption intensity, respectively.
O f the many transitions described, it _  it* and iu  n* are the most effective 
transitions in UV region. The latter one is the forbidden transition, in which 
corresponding bands are characterized by low molar absorptivities (less than 100 
liter/mol.cm). Hypsochromic or blue shifts are often observed in a more polar solvent 
for these transitions. The it _  n* transitions o f a conjugated system are essentially not 
responsive to solvent polarity due to non-polarity o f the hydrocarbon double bonds. 
However, as the observed absorption endures, a bathochromic shift is normally 
accompanied by a hyperchromic effect. These changes result from a decrease in the 
energy level of the excited state due to the dipole-dipole interaction and hydrogen 
bonding. In addition, the fine vibrational structure is often destroyed by the polar solvent 
used to dissolve the sample. Normally, it _ it* transitions are highly absorptive. The 
molar coefficient factors are normally higher than 103 liter/mol.cm.
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Vibrational relaxation (VR)
Vibrational relaxation is a deactivating photoprocess which occurs after a 
molecule is excited to a higher vibrational level o f the electronic excited state. The 
molecule returns to the lowest vibrational level o f that electronic excited state by the 
dissipation o f excess energy, normally due to the collisions between two or more 
molecules as well as those interactions occurring between the molecules and the solvent 
cages. This process happens quite rapidly, in less than 10 *12 sec, which effectively 
prevents other nomadntive processes ftom competing with fluorescence. Consequently, 
all o f the other nonradiative processes occur at the lower vibrational level of a given 
excited state:
nr
{SJt -  (SH)0 + &(hea$ 10'12sec (1-7)
kv*
Internal Conversion (IC)
Internal conversion is another non-radiative process in which a molecule is passed 
from a higher excited state to a lower excited state, finally returning to the ground state. 
This process is more efficient when there are overlaps between two electronic states. 
The transitions may occur between two excited electronic states (Sj _ S,) or from an 
excited state to the ground state (St _ S0) as follows:
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(S^  -  (SJ, KT5 -10'* sec
k ,ric
(1.9)
The rate o f IC (Sj _ S ) is much faster than IC of (S ^  S ),0due to the 
overlapping o f the lowest vibrational level o f the Sj and the vibrational levels o f the S,. 
Therefore, IC o f S,_S0 competes with fluorescence and intersystem crossing in many 
molecules.
Fluorescence (F)
Fluorescence is a radiation process which occurs between the lowest vibrational 
level o f the excited singlet state and the various vibrational levels o f the ground state. 
Fluorescence can be denoted as:
The energy emitted by the molecule is equivalent to the energy gap between the 
first excited state and the vibrational level o f the ground state. After the emission, the 
molecule relaxes to the lowest vibrational level o f the ground state.
hv
CSt\  -  CV, 10-7 -  lO-’ scc
kKF
(110)
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Intersystem Crossing
Intersystem crossing is another radiatkmless process that occurs from the first 
excited state to the triplet state, as follows:
nr
cs,), -  (r,), i«-7 - io  »«c (i.i i)
* o c
This process also involves an electron spin transition. The rate o f intersystem 
crossing is much slower compared to the internal conversion, due to the fact that ISC is 
a spin-forbidden process which has a probability o f approximately 10"6 - 10 ~s times that 
oflC . Intersystem crossing is favorable when the sample contains a heavy atom such as 
bromine or iodine. In addition, paramagnetic species such as molecular oxygen also 
enhance the probability o f ISC.
Phosphorescence:
Phosphorescence is a radiative process which occurs from the first lowest excited 
triplet state to the vibrational ground state:
kv
(rt)g — osy, lo -* -  lOsec (i.i2)
kr
Phosphorescence, following intersystem crossing, is extremely slow and long- 
lived (10-6 - 10 sec). Compared to fluorescence, it has a longer life time and emits at 
longer wavelengths.
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Characteristics of Luminescence Emissions 
Excitation spectrum and flnomceace spectrum
Excitation spectrum is the relative efficiency o f exciting radiation at various 
wavelengths to produce emission. It can be obtained fay fixation o f the emission 
wavelength. The curvature o f the excitation spectrum is independent o f monitored 
emission wavelength. The excitation spectrum is identical to the absorption spectrum.
A fluorescence spectrum is the relative intensity o f radiation emitted at different 
wavelengths. The fluorescence spectrum can be obtained by fixation o f the excitation 
wavelength. Fluorescence, as well as quantum yield, is independent o f excitation 
wavelengths.
Franck-Condon principle (F-C principle)
The F-C principle states that in the excitation process, only electrons are 
reorganized, while the heavier nuclei remain in their ground state geometry due to the 
rapid occurrence o f the excitation process (Iff15 sec) [70]. However, the lifetimes of 
most fluorescence processes are around 1 nsec, which allows the molecules and their 
environment to experience some reorientation before emission occurs. Therefore, an 
excited molecule may have a different electronic charge distribution, as well as different 
structures from those o f its ground state conformer(Figure 1.9).
Stokes shift
In general, fluorescence appears at a longer wavelength than the corresponding 
absorption due to energy loss of vibrational relaxation, solvent effects, and the excited
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state reactions [71]. This phenomenon is commonly expressed as Stokes shift, which can 
be estimated by;
Stokes Shift = 107( - i -  -  -J -) (1.13)










Figure 1.9. The Franck-Condon principle
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Figure 1.10. Stokes’ law
Mirror image rule
Since excitation and emission are reversed photo processes, one should observe 
that the emission spectrum resembles a mirror image of the absorbance spectrum or 
excitation spectrum (Figure 1.11). The emission and excitation o f perylene demonstrate 
this rule. This rule also applies to many other polynuclear aromatic hydrocarbons. Any
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deviations from this rule occur because o f nuclear displacements, excited state chemical 





Absorption Fluorescence j\ Phosphorescence1
W avelength 
Figure 1.11. The mirror image rule
Kinetic of Luminescence 
Fluorescence cffldcncv (*.XOwantnn> efficiency)
Fluorescence efficiency is one of the characteristics possessed by all fluorophores. 
It is also called quantum yield, which is defined as the ratio of the number o f emitted 
photons to the number o f absorbed photons to a singlet excited state:
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_ number of fluorescence photons emitted ( /F)
= ------------------------------------------------------------------- (1 14)
number of photons absorbed (/^)
Highly fluorescent compounds have a large value (<^). For example, the quantum yield 
of pyrene is about 0.7 [94]. AIL photons absorbed by molecules are either emitted as 
fluorescence or are passed away through deactivation processes. Therefore, the rate o f 
light absorbed can be expressed as:
I  A ~  +  & iC  +  & ISC + K f  + K q  \Q I) [S J  (1.15)
where KjQ Kjsc. and K* are defined earlier. ] refers to the concentration o f the
lowest excited singlet molecule. [Q] refers to the concentration of a quencher. Kq refers 
to the pseudo first-order rate constant o f the fluorescence quencher. Therefore, the 
fluorescence intensity o f a molecule can be expressed as:
Ip  ~ s ^ r  l^ i) (1*16)
Substitution of equation (1.16) with (1.15) gives:
Ip  ~ (^VR + HfC + HfSC + + Hq (CD P J = [*S'il(1.17)
Rearrangement o f equation (1.17) gives the quantum efficiency as:




The lifetime o f a fluorescent molecule, a special characteristic, is defined as the 
average time that an excited molecule remains in the lowest excited state prior to 
luminescent emission. It can be obtained from fluorescence decay after the withdrawal 
o f the exciting source according to a first-order rate equation, which is:
where Iq is initial fluorescence intenshy at an arbitrary time zero, and I is the fluorescence 
intensity at tim et. When the intensity I reduces to 1/e of 1* the time equals t , which is 
defined as lifetime. The relationship between the lifetime and decay rate constant is 
calculated as:
The lifetime of a molecule, in the absence o f internal and external deactivational 
processes, is defined as intrinsic or natural lifetime t0 such that:
(1.19)
(1.20)
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* . = ■ = -  (1.21) 
a f
whereas the observed fluorescence lifetime can be expressed as:
=
+ * /C  + ^ IS C  + + f f il)
( 1.22)
Combining equations (1.18) and (1.22) produces:
* F  ■ * F  V  (1.23)
Similarly, combining equations (1.21) and (1.23) produces:
* F  “  (124)
Ta
This suggests that a decrease o f die lifetime causes a decrease in quantum yield for a 
particular molecule.
Fluorescence Intensity and Concentration
As described in equation (1.16), fluorescence intensity o f a fluorophore is 
proportional to the quantum yield and the absorption o f that fluorophore, as shown in 
equation (1.25):
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h  = = *JT ( / .  -  / )  (125)
Beer's Law states:
log—  = e b c (1.26)
Rearrangement o f this equation yields:
/  * / # ( 1 0 * * )  (1.27)
Substituting I in equation (1.27) gives:
IF -  / .[ l  -  (10 “ e)] -  /.[I -  (e *“ )] (1.28)
Using Taylor’s expansion:
y 2  m 3 m 4
e x = 1 + X  + -----  + —— + —  + ( 1  29)
2 ! 3 ! 4! 1L j
When x is small (Le. £ 0.01), then
ex -  1 + x  (1.30)
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la this case:
x = - 2 3  e b c ( i .3 i)
Replacing x with -2.3ebc in equation (1. 28) and rearrangement o f the equation gives: 
/ ,  ■= 2.303 It e b C  = * * F A (1.32)
where A represents the absorbance o f the compound.
Environmental Factors that Influence Fluorescence
Fluorescence o f a molecule is dependent on the structure, substituents on
molecules, and the local microenvironment. These characteristics of fluorescence make
it a powerful tool for elucidation of the structure o f a molecule and for impurity
detection. They also give opportunities for scientists to manipulate the environment of
the fluorophore to improve its detection limit, which is important for analytical chemistry.
The following text describes all the important factors which influence fluorescence.
Structures of the molecules
Structure is the most important fac to r that determines whether or not the
molecule fluoresces. In general, fluorescence and phosphorescence are often observed
in multiple-conjugated double bonded organic molecules with a high degree o f resonance
stability. Most aromatic hydrocarbons intensely fluoresce with moderate quantum yield 
of phosphorescence.
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The extent o f conjugation o f a x-system, for example, with increased ic-ring 
number, enhances the rate o f fluorescence and its quantum yield, whereas it decreases 
the rate o f phosphorescence and its quantum yield. The luminescence bands also endure 
a bathochronric shift. The conformational and structural characteristics o f a molecule 
that favor the conjugation o f tc-ic interactions tend to increase the luminescence o f a 
molecule, for example, through the rigid molecular skeleton and planar structures. 
Substituents of molecules
Substituents greatly influence luminescence. Electron-donating substituents such 
as -NBj, -OH, -F, -OCHj, -NHCHj, and -N(CH,)- often increase fluorescence because 
they tend to enhance the transition probability between the lowest excited singlet state 
and the ground state, hi contrast, electron withdrawing groups including -I, -Br, -Cl, 
-NHCOCH,, -NOj, and -COOH partially or completely quench the fluorescence by 
attaching a low lying n, it*  state. Thus, the rate of intersystem crossing is usually 
enhanced, resulting in enhancement o f phosphorescence. This effect is known as an 
internal heavy atom effect 
Solvent effects
Solvents have a dramatic effect on the occurrence o f luminescence due to the 
dip ole-dipole interaction between the solvent and the solute. These effects originate 
from the change in absorption accompanied by solvent relaxation [66]. The effects of 
solvents on absorption reflect the dipole moment changes of solute induced by the
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solvent When the solute is non-polar, the spectrum may shift to  the red in polar or non­
polar solvents. When the solute Is polar, the effects are more complicated; thus the 
spectrum may appear with a red or bhie shift [66],
As we have discussed earlier, absorption and emission are two corresponding 
opposite photoprocesses. Changes in absorption are observed in emission. Polar 
solvents decrease the lowest excitation state. The solute is more polar in the excited 
state than in the ground state, while the polar solvent stabilizes during the excited state 
rather than during the ground state. Accordingly, fluorescence appears at longer 
wavelengths in a polar solvent than in a non-polar solvent. Another interaction, such as 
strong hydrogen bonding, further shifts the fluorescence to red. For molecules with (n- 
ic*) transitions, the predominant phosphorescence is observed in aprotic solvents due to 
the enhancement o f the intersystem crossing.
Viscosity
Solvent viscosity affects both radiative and non-radiative transition probabilities. 
The effects o f solvent viscosity on fluorescence o f probe molecules need to be examined 
for specific cases due to a variety o f mechanisms which can occur, hi general, increasing 
solvent viscosity decreases the radiatkmless rate constant, such as in cases when 
increasing solvent viscosity decreases the diffiision-contrnBed quenching, thus enhancing 
the fluorescence hi other cases involving intramolecular rotational motion, such as that 
o f Anramine O (AuO), the fluorescence is enhanced significantly by increasing the
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viscosity o f the solvent In the case o f the twisted intramolecular charge transfer (TICT), 
the viscosity o f the solvent would greatly alter the nature o f the fluorescence: for 
instance, dual emisskms might occur 
Temperature
When the temperature increases, viscosity decreases, resulting in the increase of 
the radiationless rate. In addition, at higher temperatures the increased probability of 
collisions between molecules results in the quenching o f fluorescence. In general, 
tenqierature influences fluorescence more than phosphorescence because of the long life 
time o f phosphorescence, which allows the energy to dissipate through a non-radiative 
process. Therefore, most phosphorescence is observed at 77 K°. 
pH effects
The pH o f the solution greatly influences fluorophores, which can undergo 
protonation and deprotonation. It not only changes the quantum yield of fluorescence 
by reduction o f the non-radiative process, but also alters the nature o f the fluorescence. 
Protonation o f a fluorophore with electron donating groups causes fluorescence to 
produce a blue shift, while deprotonation produces a red shift. The protonation and 
deprotonation of a fluorophore with electron drawing groups have opposite effects on 
the nature o f the fluorescence. Therefore, a buffer system is necessary for luminescence 
measurements in order to effectively control the sample pH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
Quenching of Luminescence
Fluorescence quenching is defined as any nonradiative process which decreases 
the fluorescence intensity o f a fluorophore. There are many types o f quenching including 
dynamic quenching (coffishmal quenchingX static quenching (complex formation), energy 
transfer, proton transfer, excimer formation, and any other excited state reactions. 
Dynamic quenching
Dynamic quenching results from coflisional encounters between the fluorophore 
and quencher. Thus, it is also known as coQisional quenching. The kinetics can be 
displayed by the Stem-Volmer equation [72]:
-5? * i  m - 1 H a d33 )
where Kq is the bimolecular quenching constant, t 0 is the lifetime o f the fluorophore in 
the absence o f the quencher, [Q] is the concentration o f the quencher, and Ko is the 
quenching constant. (Fg/F) is proportional to [Q]. The plot o f (Fq/F) against [Q] 
normally yields a straight line, ft is worthwhile to mention that a decrease in lifetime is 
one o f the characteristics o f dynamic quenching. It can be expressed by the following 
equation:
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In the process o f coffiskmal quenching, the decrease in fluorescence intensity is 
equivalent to the decrease o f lifetime.
Static anmmM mm
Static quenchng is due to non-fluorescent complex formation i t  the ground state. 
The relationship between fluorescence intensity upon quencher concentration can be 
expressed as an association constant for the complex formation:
where [F-Q], [F], and [Q] are the concentrations of the complex, uncomplexed 
fluorophore, and quencher, respectively. K, is the complexation constant which can be 
derived and rearranged to fit into the following equation:
This equation is similar to  the one which describes dynamic quenching. The 
fluorescence intensity decrease can be due to either dynamic or static processes. 
Additional information is needed to dhamgmsh between the two mechanisms This may 
be obtained by studying the fluorescence lifetime, temperature, and viscosity dependence




l * K s M (1.37)
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of the quenching processes. Among these three factors, the fluorescence lifetime 
measurement is the best method for identifying the mechanisms. Ed the dynamic 
quenching process, the fluorescence lifetime decreases correspondingly to the rate of 
fluorescence intensity, h i contrast, static quenching is due to the complex formation. 
Because the completed fluorophores are non-fluorescent, the observed fluorescence is 
from the uncomplexed fluorophores which have the same lifetimes. The second factor 
is the viscosity o f the medium, which has no effect on the static quenching, whereas 
dynamic quenching depends on the diffusion o f the fluorophores. The third factor is the 
temperature o f the media. Because the viscosity o f the solvent decreases as the 
temperature increases, resulting in larger diffusion coefficients. Dynamic quenching is 
due to the collisions that occur more efficiently at higher temperatures. Therefore, Kq 
is expected to be proportional to T/q.
* 0  _  (1 38)
On the other hand, static quenching is less efficient at higher temperatures due to  the 
instability of the complexes. The fourth method is to examine the absorption spectra of 
the fluorophore dynamic quenching which occurs at excited states. With this method, 
no changes in the absorption spectra are observed. In contrast, static quenching, which 
occurs in the ground state, often results in the perturbation of the fluorophore's 
absorption spectra.
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Excited State Reaction
Excited state reactions are the photoprocesses occurring during excited states. 
These photoprocesses result in shifts o f the fluorescence spectrum, as well as changes 
in intensity and lifetime. Excited state reactions typically include exdmer formation, 
exdplex formation, proton transfer, twisted intramolecular charge transfer, and energy 
transfer.
Exdm er Formation
An excited molecule interacts with a ground state molecule to form an excited 
dimer (exdmer). This photoprocess can be expressed as follows:
A + A * ~  (A A)* (1.39)
This process is frequently observed at high concentrations o f hydrocarbon aromatics 
resulting in a decrease o f fkiorescence intensity with the appearance of a new broad and 
structureless fluorescence in the red spectral region. The intensity of this new 
fluorescence is proportional to the square o f the molecular concentrations [74]. The 
possibility of exdmer formation depends on the lifetimes o f the excited molecules, and 
the kinetics of the dimer formation.
Exdplex Formation
When two different  molecules form a complex in the excited state, this type o f 
excited state complex is defined as an exdplex, which is expressed in equation (1.40):
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A* + B ~ ( A B y (1.40)
The fluorescence of the cxdpkxes also appears at a longer wavelength. For example, 
the fluorescence o f pyrene in a toluene solution in the presence o f N, N-diethylanilme 
[95], is considered an intermolecular exdplex. fin another example involving the 
following molecules Figure 1.12, it is reported that the exciplexes o f two anthracene 
species in these molecules were observed at a  certain number of n (n=l, 2 ,...) , which is 
identified as an intramolecular exdplex [96].
Proton T ranrfw
This photoprocess involves protonation or deprotonation o f a molecule in the 
excited state. It indudes the excited state intermolecular proton transfer (ES1*PT) and 
the excited state intramolecular proton transfer (ESInPT) [97].
(CHahi
Figure 1.12. Anthracene derivatives
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A good example o f ES1.PT Is the proton transfer between phenol-type 
molecules (add-base reactionsX expressed as:
Ground stale ROH »* RO~ + H* pKm (1.41)
ROH* ** ROH + * v t  (1.43)
ROH* ** RO~ * + H* (144)
RO~ * RO" + Av2  (1.45)
Excited state ROH* RO~ + H* + h \2 pK* (1.46)
The excited phenol-type molecule can emit photons (hvt) and also produce a 
phenolate excited state Ion, which may in turn emit photons (hvj) at a longer wavelength. 
The photoprocesses compete with one another. The competition depends upon the pH 
o f the microenvironment. In equations (1.41) and (1.46), the pK, is the negative
logarithm o f the dissociation constant in the ground state, while the pK, * is the
corresponding quantity for the same photon exchange reaction in the lowest excited
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
singlet state. In general, for electron donor groups, such as -O H , -OR, -NHj, -N R ,, and 
-SH ,
pKm > pK*




2. E xcited State intram olecular nrntnn trm w U r  fflSL  F H
In ESy*T, the proton transfer between two groups in a molecule produces a 
photoautomer, such as the molecule in Figure 1.13.
OCI CQ
Normal Tautomcr
Figure 1.13. The structure and energy state o f the chemical and its tautomer
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Energy Transfer
Energy transfer involves an excited molecule passing Its excitation energy to 
another adjacent molecule; resulting in the quenching o f fluorescence in the energy 
donor. This possibly results In the excitation o f the acceptor and the corresponding 
appearance o f the fluorescence from the energy acceptor. It can be expressed by the 
following equations:
D + Av D* (1.49)
D* + A — D + A* (1.50)
1. Resonance E id ts^ " 7vTT"ffT*‘
In the resonance excitation transfer mechanism, also known as the dipole 
mechanism, the excited energy donor molecule may be considered an electrical dipole 
which creates an electrical field around its environment Potential energy acceptor 
molecules within the range o f this electrical Add ( 1 0 * cm) may absorb the energy from 
the field, and thus be excited. The energy acceptor and donor are not in direct contact 
with one another. However, the distances between two molecules are critical to the
efficiency of the energy transfer. The rate o f resonance energy transfer (Kgr) is
proportional to the reciprocal o f the sixth power o f the distance between the donor and 
acceptor dipoles. It can be represented as
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where Tq is the lifetime o f the donor, and R  is the mean distance between the centers of 
the donor and acceptor dipole moments. The parameter R gisa constant for a given 
donor and acceptor pair (critical distance) [74]. Resonance energy transfer commonly 
requires the overlap o f the fluorescence spectrum o f the donor and the absorption 
spectrum o f the acceptor. The greater the overlap, the greater the probability that an 
energy transfer will take place.
2. F ich ia g * M w fcw iw i
Energy transfer man exchange mechanism occurs only when the electron clouds 
of the donor and the acceptor are in direct contact. Thus, the highest-energy electrons 
of donors and acceptors may change places. This type o f energy transfer is most efficioit 
when the fluorescence spectrum o f the donor and the absorption spectrum o f the 
acceptor overlap. This is similar to the dependence o f a resonance energy transfer 
mechanism. However, exchange energy transfer resulting from a collision between the 
donor and the acceptor is diffusion-controlled. Thus, the rate is also dependent on the 
viscosity of the environment. RET, however, may be observed at lower concentrations 
of the acceptors' species because it is not viscosity dependent and is not diffusion- 
controlled. hi general, RET results in a spin forbidden transition of the acceptor triplet-
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triplet energy transfer in which ET allows singlet-singlet and singlet-triplet transfer. The 
best example o f a singlet-triplet transfer is the sensitized lanthanide luminescence [99]. 
Instrumentation
A fluorescence spectrophotometer contains five main components, which include 
an excitation source, monochromators for both excitation and emission wavelength 
selection, a sample chamber, a detector, and a recorder. A schematic o f a fluorometer 
is shown h  Figure 1.14. For detailed information about the spectrophotometer, please 














Figure 1.14. A schematic diagram of the fluorometer
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Part KII. Fundamental Principles of Capillary Electrophoresis
Electrophoresis has been employed to separate amino acids, peptides, proteins, 
and polynucleotides since 1886 [100]. The development o f electrophoresis in a 
capillary tube has embraced this modem technique with extremely high separation 
efficiency [101-102]. There have been many monographs [103-114] and review 
articles [115-116] on electrophoresis published over the last several years. Here, only 
the basic principles of capillary electrophoresis (CE) are discussed.
Electrophoretic mobility
Electrophoresis is defined as the differential migration o f charged species by 
their attraction or repulsion under an electric field. Capillary electrophoresis, an 
instrumental approach to electrophoresis, uses fused silica capillary as a column to 
conduct the separation which has been applied not only to macromolecules, but also to 
cations, anions, and neutral molecules. Separation of molecules by electrophoresis is 
based on the differences in molecular movement under an electric field. The velocity 
depends upon the applied electric field strength, viscosity, temperature, pH, and ionic 
strength of the solution, as well as the mass, size, shape, and net charge o f the solutes. 
Among these factors, the electric field generates an electric static force, and in turn 
affects the velocity. The electric field (E) and the electric static force (Fe) have the 
following relationship:
= q E  (1.52)
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where q = ionic charge. As the electric force accelerates the ionic species toward the 
oppositely charged electrode, the counteracting frictional force (Ff) is produced from 
the medium points at die apposite end of the electric force and thus counterbalances the 
strength of the electric field. The frictional force (for a spherical ion) is given by 
Stokes' law as:
F r = - « I I l) r v  ( 1 .5 3 )
where q = solution viscosity, r = ionic radius, and v = ionic velocity.
During a steady state electrophoresis, the combination o f the forces equals zero:
q E  -  * H q r v  = 0  (1.54)
The electrophoretic velocity is given by:
Rearrangement o f this equation yields:
(1.56)
such that p = electrophoretic mobility, which is defined as the velocity of species at a
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unit o f electric field strength. Electrophoretic mobility is a fundamental property of the 
species. It is related to the given pH, ionic-strength* viscosity, and temperature o f the 
medium. From this equation, it is evident that electrophoretic mobility is proportional 
to die charge of the ion, but inversely proportional to its radius. Thus, the smaller sized 
and highly charged species have the higher mobilities, whereas the larger sized 
minimally charged species have lower mobilities. The equation also shows that the 
mobility is inversely proportional to the viscosity o f die solution.
Properties of Fused Silica and the Electrical Double Layer
Fused silica is composed o f siloxane (Si-O-Si), which can hydrolyze in the 
presence of water to produce silanol (=SiOH). Silanol groups act as a weak polyprotic 
acid which has a pK, o f 6J2 and starts to ionize at pH>2. The silanol groups ionize by 
the following process:
=SiO -  S i O -
Thus, the capillary wall is negatively charged. Consequently, a group of positively 
charged counterions in die solution adsorb on the adjacent region o f the wall and form 
an electrical double layer. The two layers are known as the stem layer (tightly bound 
to the wall), and the diffuse layer (loosely bound ions), respectively (Figure 1.15). 
Electroosmotic flow (EOF)
EOF is a bulk flow o f liquid in the capillary. It is a result o f the influence of an 
electrical field on the counterions adjacent to the negatively charged capillary. The
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Stem Layer Diffuse Layer
Figure 1.15. The Electrical Double Layer in the Interfacial Region Close to a Charged 
Surface and the Potentials in the Surface Region.
profile is known as die plug flow with low dispersion. The magnitude of the EOF can 
be expressed as the velocity or mobility, such that:
*W  = (^ > £  0-57)
E
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where e = dielectric constant and £ = zeta potential, which is determined by the surface 
charge on the capillary wall. The charges on die wall are strongly pH dependent 
Hence, EOF is primarily determined by die pH o f the solution. At high pH, the EOF 
is significandy larger than that at low pH.
In addition, the zeta potential is also dependent on the ionic strength o f the 
solution. As ionic strength increases, die double-layer is compressed, which in turn 
decreases the zeta potential, resulting in die reduction o f EOF.
Apparent mobility (p.)
Due to die existence of the EOF, the observed mobility of a solute differs from 
its abstract mobility ( p j  such that:
K  = » W  *  (1-59)
When pe and Peof respond in the same direction, a "+" is chosen; when pe and PeoF 
respond in die opposite direction, a is chosen. Use o f die EOF allows participation 
of neutral compounds to be detected.
The migration time o f a species in a capillary is given by
L L
* = -— =   (1.60)
O * ™ , *  »  e
where L t= total capillary length, L*=effective capillary length (to be detected), and E 
= applied voltage
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Efficiency of Capillary Separation
Similar to HPLC, the efficiency o f capillary electrophoresis can be expressed 
as the number o f theoretical plates, N, expressed as:
a r = ( 4 ) ’ (1.61)
where L = effective capillary length and a  — standard deviation o f the peak. The 
efficiency can be related to the molecular diffusion (plug flow profile ) in terms of 
chromatography. Thus,
2 D L L
<r = 2 D t  = ------- — 1 (1.62)
P .V
where D =  diffusion coefficient o f the solute and V -  applied voltage. Substituting this 
equation within the previous one yields:
±  * \ V L  p  E L
N  = p"  n~ r — 1  “  <L63>2 D L t 2D
The theoretical plate number can also be determined directly from an electropherogram:
AT = 5.54 ( — ) 2 (1.64)
w in
where t = migration time and w l/2 = the half height peak width.
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Resolution
The resolution obtained in capillary electrophoresis can be defined as:
*C‘,  -  * ,) 1 .1 1 7 ft -  o  t - 1
*  -  — -------  =  i------ -  -  - ------- (1.65)
+ w tn  + w m  4 0
where t = migration time, w = baseline peak width, a  = standard deviation, and wI/2= 
half width.
The resolution o f two components can also be expressed with respect to
efficiency:
*  = ( 1 .6 6 ) 
4  I*
where
Vp = |i2 -  pt (L67)
-  + ^ 1
p  =  - - - - - -  (1 .6 8 )
Instrumentation of Capillary Electrophoresis
A schematic diagram of a general capillary electrophoresis (CE) system is 
presented in Figure 1.16. There are five main components within the CE system which
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include: 1) high voltage supply, 2) electrodes, 3) buffer and sample reservoirs, 4) 
capillary, and 5) detector. The high voltage supply has a range o f 0 to 30,000 V. 
Samples can be introduced by a hydrodynamic mode (applying external pressure) or by 
an electrokinedc mode (applying an electric field). Detectors which can be used in the 
system are absorption, indirect absorption, fluorescence (including laser induced), 
indirect fluorescence (including laser induced), time-resolved fluorescence, 
conductivity, electrochemical reaction, refractive index, and mass spectrometry. All of 





Figure 1.16. A Schematic Diagram of Capillary Electrophoresis
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Chapter 2
Part I. Synthesis and Characterizations of Water-soluble Sulfonated
Calixarene Derivatives
Adolph Von Baeyer performed the reaction o f phenols with aldehydes in 1872 
[1], but the products he obtained remained essentially uncharacterized for almost 70 
years. Recently, Gutsche has reinvestigated the acid-induced process involving p~ 
substituted phenol and formaldehyde [2-3], and has developed the synthesis for the most 
common forms of calixarenes (4), (6 ), and (8 ) [4-5]. These calixarenes are slightly 
soluble in several organic solvents, but are essentially insoluble in water. Therefore, 
experimental efforts have been directed toward enhancing the aqueous solubility o f 
calixarenes. Several water-soluble derivatives of sulfonato [7-8], amino- [9], nitro- [1 0 ], 
carboxyl- [1 1] and phosphonato- [12] calixarenes have been synthesized. The sulfonated 
calixarene derivatives are highly soluble in water and can be potentially useful as mimics 
o f enzyme-substrate complexes [13]. Therefore, we have pursued the direction of 
sulfonated calixarene synthesis. The structures of the p-rerf-butylcalixarenes used in this 
study are provided in Figure 1.1 
Experimental section
M aterials
The /7-terr-butylphenol was purchased from Aldrich (Milwaukee, WI); 37 % 
formalin solution, hydrochloric acid, chloroform, acetone and potassium hydroxide 
pellets were purchased from Fisher scientific Inc. (St. Louis, MO); and xylene and
73
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magnesium sulfate from J. T. Baker.
Synthesis procedures




•  -  4 .C .S .
p-tert-butylcalix(4)arene 20 g /Werr-butylphenol, 12.5 ml 37 % formaldehyde 
solution, and 0.24 g o f NaOH were placed in a 500 ml three-necked, round bottomed 
flask equipped with an electrical stirrer. The mixture was heated by a  heating mantle at 
120 °C for 30 mm. Half an hour later, the clear solution became viscous and turned into 
a taffy yellow mixture. This reaction was completed in an hour, which was half the time 
reported by Gutsche et al. [4-5]. Diphenyl ether (200 ml) was added to the flask to 
dissolve the cooled reaction content. The mixture was stirred and heated at 250°C for 
10 min and refluxed for 1.50 hrs. The dark brown, orange-red solution was allowed to 
cool down to room temperature. Ethyl acetate (300 ml) was added to the solution in 
small increments (30 ml each). Some precipitation appeared. The filtered mixture 
resulted in light brown crystals. The crude product was washed with 50 ml ethyl acetate, 
followed by 50 ml of a 1:1 acetate acid:HzO mixture, then with 50 ml deionized H20  to 
obtain a white product ‘H NMR (200 MHz, CDCI3) 61.23 (s, 36H, ArCMe,), 3.50 (d, 
4H, ArC/fyAr), 427 (d, 4H, AiC//,Ar), 7.08 (s, 8 H, ArH), 10.34(s, 6 H, AiOH); FAB-
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MS (M +l): 649. Chemical analysis (%) (C^H ^O J: Theory: C 81.43, H 8.70. Found: 
C 82.04, H 8.75.
p-tert-butylcalix(6)arene To a  250 ml three-necked, round bottomed flask, 12.5 g
o f p-ferr-butylphenol, 16.9 ml o f 37 % formalin solution, and 1.9 g o f potassium 
hydroxide pellets (85 % KOH and 15 % H20 )  were added. The reaction mixture was 
heated and stirred under nitrogen for 1.0-1.5 hrs at the reflux temperature. As the 
reaction progressed, the original clear solution turned bright lemon yellow, while water 
was removed from the reaction mixture which eventually produced a golden yellow, 
thick mass. As the reaction mixture became more viscous, the torque was increased to 
keep the taffy-like mass in motion, while heating continued.
Xylene (125 ml) was added to the flask to dissolve the semi-solid mass, which 
produced a yellow solution. At this time, the temperature o f the heating mantle was 
increased to 130 °C. After 30 min, some precipitate began to form and the color o f the 
reaction mixture changed from yellow to light pink. Refluxing continued for 2-3 hrs until 
the mixture was too viscous to continue stirring. Then, the heating mantle was removed, 
and the mixture was allowed to cool to room temperature. The mixture was filtered, and 
the precipitate was washed with xylene and dried on a Buchner funnel to yield an almost 
colorless powder. This crude product was placed in an Erlenmeyer flask, partially 
dissolved in 315 ml o f chloroform, and treated with 100 ml o f 1 M hydrochloric acid. 
After 10-15 min, the H20  layer turned yellow. Stirring continued for an additional 10 
min, then the mixture was transferred to a separatory funneL The chloroform layer was
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removed, the aqueous layer was extracted with an additional 35 ml o f chloroform and 
the combined chloroform, extracts were dried by adding anhydrous magnesium sulfate 
which was removed by filtration. The chloroform solution was concentrated to 125 ml 
by boiling, while 125 ml o f hot acetone was added to the boiling chloroform solution. 
The mixture was allowed to cool, and then filtered to produce a whiter powder. The 
product was allowed to dry under a heating vacuum at 80 °C. The yield was 51 %; 
TLC (1:1 CHjC^ /  hexane) on silica plate was a single spot; ‘H NMR (200 MHz, 
CDClj) 61.25 (s, 54H, ArCMeO, 3.80 (d, 12H, A rC ^A r), 7.14 (s, 12H, AiH), 10.52 
(s, 6 H, ArOtf); FAB-MS (M+l): 972. Chemical Analysis (%) (C66HM0 6.CHC1J): 
Theory: C 73.64, H 7.84. Found: C 72.92, H7.65.
/7-tert-butykalix(8 )arene To a 500 ml three-necked, round-bottom flask, 25 gp-tert-
butyiphenol, 8.9 g o f paraformaldehyde, 800 ml o f 10 N sodium hydroxide and 150 ml 
xylene were added. The mixture was stirred and heated at 130 °C for 30 mm The 
mixture formed a clear, light yellow solution. After lhr, some precipitation resulted from 
the solution. The reaction was allowed to reflux for another hour in order to allow all 
the water to evaporate. The mixture was then cooled to room temperature and filtered. 
The yellow precipitate was washed with 100 ml toluene and 100 ml ether. The product 
turned white. It was then washed with 100 ml acetone and finally DIH20 . The product 
was allowed to dry in a heating vacuum desiccator at 40°C overnight. The crude 
product was recrystallized in CHC^-acetone mixture. The yield was approximately 80%. 
'H NMR(200 MHz, CDClj) 61.25 (s, 72H, ArCMe,), 3.52 (d, 8 H, ArC//,Ar), 4.38 (d,
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4H, AiCfljAr), 7.17 (s, 16H, AxH), 9.62 (s, 8H, ArO//); FAB-MS (M+): 1297, 
Chemical Analysis (%) ( QgH^Q,): Theory: C 81.43, H 8.70. Found: C 80.38, H 8.40. 
Discussion Nitrogen purging and constant temperature are very important in the 
synthesis o f calixarenes. Inaccurate pressure during nitrogen purging may result in the 
incomplete removal o f water, which will increase the formation o f calix(8)arene when 
calix(6)arene is the desired product. If this happens, one could use chloroform to 







a ■ 4, 6 . 1
Calix(4)arene In a 250 ml three-necked round-bottom flask, 10.6 g o f p-tert- 
butyicalix(6)arene and 6.2 g o f phenol were mixed with 125 ml toluene. Nitrogen was 
passed over the mixture, while the mixture was stirred with a magnetic stirrer at room 
temperature for 5-10 min to allow dissolution o f the solids. The AlClj (15g) was 
introduced into the reaction flask in small increments. The mixture turned dark red after 
50 min with some precipitation in the bottom o f the flask. The reaction was continued 
for 3 hrs, and was quenched with 200 ml ice DI water. The biphase solution was 
transferred to a separatory funnel, where it was mixed thoroughly. The CHC13 layer was
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drained. This operation was repeated twice. Combined CHCl, and toluene were poured 
into a round-bottom flask, which was put on the rotovap. The white precipitation from 
the rotovap was washed with MeOH. The product was allowed to recTystallize in CHC13 
and MeOH. The product was further dried under a heating vacuum desiccator. The yield 
was 58 %. TLC single spot was obtained (1:1 CH2C \ I MeOH). ‘H NMR (200 MHz, 
CDClj) 8 3.56 (s, 4H, ArCtf^Ar), 4.22 (s, 4H, ArCfljAr), 6.75 (t, 6H, AiH ), 7.05 (d, 
6H, A iH ), 10.18 (s, 8H, AiOH). FAB-MS (M+l): 425. Chemical Analysis (%) 
(C2gH240 4.. 1/4 CHCl,): Theory. C 74.61, H 5.34. Found: C 74.30, H 5.33. 
Calix(6)arene The procedure used for the debutylation o f calix(6)arene was the same 
as that used for calix(4)arene, except that more AlClj was used. The yield was 58 %. 
TLC single spot was obtained (1:1 CRZC \ /  MeOH). 'H  NMR (300 MHz, CDClj) 8 
3.91 (s, 12H, ArC/LAr), 6.83 (t, 6H, AiH ), 7.14 (d, 6H, AxH), 10.38 (s, 8H, ArOH). 
Chemical Analysis (%) ( C^H^Og): Theory. C 79.22, H 5.70. Found: C 79.08, H 5.88. 
Calix(8)arene The procedure used for the debutylation o f calix(8)arene was similar 
to that used for calix(6)arene except that more A1C13 was used. The yield was 40 %. 
TLC single spot was obtained (1:1 CHjC^ /  MeOH). ‘H NMR (200 MHz, DMSO) 8 
1.12 (s, ArCMe, impurity), 3.89 (s, 16H, ArCH^Ar), 6.64 (t, 8H, AiH ), 6.86 (d, 16H, 
AiH), 8.83 (s, 8H, ArOH). FAB MS (M +l): 849.
Discussion In the reactions involving the debutylation o f /7-/erf-butylcalixarenes, all 
o f the chemicals were dried. The amount o f AKOH)3 used in these experiments was 
much higher than that reported in Gutsche's paper [6]. Also, the amount increased as the
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calixarene size increased, followed by the order o f calixarenes (4), (6), and (8). It seems 
that calix(8)arene was extremely difficuk to debutylate. All the products o f calix(8)arene 
that were synthesized included partial amounts tert-butyl group. Fortunately, the small 
amount o f tert-butyl groups did not affect the sulfonation, which we observed in the 
following experiments.
Sulfonation of calixarenes
p-sulfonated caKi(4)arene This step involves sulfonation o f the calixarenes in 
concentrated sulfuric acid (fuming sulfuric acid and 96% sulfuric acid) [7], producing 
the water-soluble sulfonated calixarenes. To a 100 ml round-bottom flask, 3 g of 
debutylated calix(6)arene and 24 ml o f concentrated I^S04 were added, stirred, and 
heated using a heating mantle. The temperature was kept at 80 °C for an hour. A small 
aliquot was removed to check whether the pink mixture was water-soluble. The 
reaction temperature remained at 80 °C for another hour in order to complete 
sulfonation. Then the mixture was cooled down to room temperature, and 150 ml DI 
water was added to dissolve the mixture. The BaCO, reagent was added in small 
increments until no bubbles remained (Lei, no more CO^. The mixture was filtered. To
SCV
n = 4 , 6 ,8 .
OH OH
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the filtrate, N^CO, was added to adjust the pH to 8-9. During this process, more BaSO, 
precipitated from the solution, thus the mixture was filtered again. To the filtrate, active 
charcoal was added to decolor and absorb the small particles o f BaCO, or BaS04. Thai 
the mixture was filtered. The filtrate was condensed to 10 ml, and EtOH was added to 
the w ata solution to produce a white precipitate. The white precipitate was allowed to 
dry and form a white powdered product. The yield was about 70 %. For /?-sulfonated 
caHx(4)arene, NMR (200 MHz, CDCl,), 6 3.82 (s, 8H ^rC ^A r), 7.37 (s, 8H, AsH). 
p-snlfonated calix(6)arene The procedure used for the sulfonarion o f calix(6)arene 
was the same as that used for cafa(4)arene. The yield was 50 %. TLC single spot was 
obtained. NMR (200 MHz, CDCl,), 6 3.97 (s, 12HArCfl>\r), 7.50 (s, 12H, AiH), 
FAB-MS (M+Na+): 1149. Chemical analysis (%) C^H^O^SgNag .IOHjO. Theory: C 
33.47, H3.19, S 12.70, Found: C 32.78, H 3.07, S 12.74.
p-sidfonated calix(8)arene The procedure used for the sulfonation o f calix(6)arene 
was the same as that used for cahx(4)arene. NMR (200 MHz, CDCl,), 5 3.81 (s, 
16HArC^Ar), 7.24(s,16H ,A iH).
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/>-pcntyk>xysoifoiuitcd calix(6)arae In a three-necked round bottom-flask, 1.50 g of 
sulfonated cahx(6)arene and 1.25 g o f NaOH were dissolved in 7.5 ml HjO. A 4.0 ml 
amount o f bromopentane in 30.0 ml DMSO was added, and the mixture was stirred and 
heated at 50°C. The reaction took approximately two days to complete, which was 
much longer than the monomer reaction. The precipitate (PPT) was isolated from the 
reaction by filtration. The PPT was washed with EtOH to obtain a crude product. The 
crude product was recrystallized by use o f a water-EtOH mixture to obtain a white 
powder. This method is similar to the method used by Shinkai et al. [7]. Chemical 
analysis: C72H90O24S6Na6 31^0. Theoretical values (%) are: C 49.65, H 5.67, S 11.04, 
Na 7.92 and experimental values (%) were: C 49.40 (0.5%), H 5.59 (1.4%), S 10.90 
(1.2%), Na 7.73 (2.4%) . ‘H NMR (200 MHz, DjO ) 6 0.69 (m, 48H, 
C{CH3)iCH2CHs) \  1.85 (m, 6H, Cff), 3.24 (d, 12H, OCH2C), 3.85 (s, 12H, ArCttAr), 
7.52 (s, 12H, Atff).
p-pentytoxyphenol sulfonate In a three-necked round bottom flask, 3.00 g o f 4- 
hydroxybenzenesulfonic add, sodium salt, and 2.35 g o f NaOH were dissolved in 15.0 
ml HjO. A 8.0 ml volume of bromopentane in 60.0 ml DMSO was added, and the 
mixture was stirred and heated at 50 °C. After ten hours, the precipitate (PPT) was 
isolated from the reaction by filtration. The PPT was washed with EtOH to obtain a 
crude product. This crude product was recrystallized by use of a water-EtOH mixture 
to obtain a white powder. This method is similar to that reported by Shinkai et a l [4].
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Chemical analysis: C11H150 4SNa. Theoretical values (%), without assuming any waters 
o f hydrogen, are: C 49.61, H 5.68, S 12.02, N a 8.64 and experimental values were: C 
48.62 (2.0%), H 5.58 (1.7%), S11.87 (1.2%), Na 8.30 (3.9%). lH NMR (200 MHz, 
DjO)61.09(s,36H,ArCCH),2.8(t, 2H, AtCOO^C), 5.16(d,2H, ArH),6.79(d, 2H, 
ArH).
2-methytt)utyanosulfonated calix(6)arene (chiral compound) 2-methyl-bromo 
butylane was used instead o f bromopentane. The other condition remained the same as 
that ofp-pentytoxysutfonated calix(6)arene. Chemical analysis: CnHwO^SeNa^ 4HjO. 
Theoreticalvalues (%) are: C 49.65, H5.67, S 11.04, Na 7.92 and experimental values 
(%) were: C 49.53 (0.24%), H 5.64 (0.54%), S 10.87 (1.56%), Na 7.76 (2.02%), lH 
NMR (200 MHz, DjO ) 6 0.69 (m, 48H, C{CH3KCH3CH3)), 1.85 (m, 6H, CH), 3.24 (d, 
12H, QCH3C), 3.85 (s, 12H, ArCffjAr), 7.52 (s, 12H, AiH ).
Discussion The reaction of the monomer was completed in 10 hrs. However, for the 
sulfonated cafa(6)arene, the reaction took four days to complete. This may possibly be 
due to the strong hydrogen bonding between the hydroxyl groups on the lower rim of the 
calix(6)arene. In addition, our experimental reaction took twice as long as the one 
described by Shinkai e t al. [7]. Excess amounts o f bromobutyane have also been used 
to improve the yield.
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Part II. Separation of Water-soluble p-Sulfoaated Calixarenes (4), (6), (8), and 
4- hydroxy benzene Sulfonate by (Jse of Capillary Zone Electrophoresis 
Introduction
Capillary electrophoresis(CE) is a powerful separation technique for many 
compounds, especially charged compounds [IS, 16 ]. There are many advantages for 
using CE as a separation technique. These include high separation efficiency, high speed, 
and low consumption of electrolytes and/or samples. The CE method has been used as 
a separation technique in many areas o f research, including biological systems [17-20] 
to separate proteins, peptides, drugs, and chiral compounds. It has also been employed 
to separate diverse species [21-23] such as inorganic acids, metal ions, and surfactants.
In capillary zone electrophoresis (CZE), charged particles can be separated on 
the basis of differences in their electrophoretic mobilities [16]. At pH = 2-11, the
inner walls of fused-silica capillaries are usually negatively charged. In the presence of 
an electric field, the electrolyte migrates toward the cathode as a flat flow profile with 
mobility pro. The electroosmotic flow (EOF) forces all solutes (anionic, cationic, 
neutral) to migrate toward the cathode ends of the capilaries. Inmost instances, at high 
pH's pro is larger than Therefore, anionic compounds are also carried to the 
cathode and detected [17]. The higher EOF gives shorter migration time, but poorer 
resolution. Cations, such as Ca2", Bat*", Mg**, Si2*, FT, Na", are often added to suppress 
the EOF and improve the separation efficiencies o f anions [22]. The disadvantage of 
cation additives is that the migration times of the analytes in the capillaries are
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lengthened. To overcome this difficulty, cations are often used to reverse the 
electoosmotic flow at a certain pH.
As described, the calixarenes must be synthesized. The procedures for syntheses 
of calixarenes (4), (6), (8) [4-5] are quite similar. Thus, it is sometimes difficult to obtain 
calixarenes with a specific number o f phenol units. Since calixarenes have the same 
empirical formulas, it is also not possible to distinguish the differences by chemical 
analysis. Although NMR can provide some structural information about calixarenes, the 
low sensitivity of this technique is a problem for calixarene analysis. Therefore, a 
procedure is described for separation o f calixarenes and the phenol monomer by use of 
reversed electroosmotic flow capillary zone electrophoresis with UV absorbance 
detection [24]. The electropherograms o f calixarenes and the monomer as a function of 
different concentrations o f Mg2* also provide information about complex formation 
between the calixarenes and Mg2*.
Experiments tal Section 
Materials
Water-soluble p-sulfonated calixarenes (4), (6), (8) (SCX4, SCX6, SCX8) were 
synthesized by use of previously developed procedures o f Gutsche et al. [4-6] and 
Shinkai et al. [7] which have been described in detail earlier. The similar structures of 
the sulfonated calixarenes used in this study are provided in Figure 1.3 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
85
The sodium salt o f the /7-hydroxyIbenzene sulfonate monomer was purchased 
from Aldrich (Milwaukee, WI). The compounds Nâ B40r, H,BQ, KC1 and MgClj were 
purchased from Fisher Scientific Inc. (St. Louis, MO). AH buffer solutions and samples 
were prepared by use of double ion-exchange deionized water, and then passed through 
a45-pm  membrane filter.
Apparatus
The capillary electrophoresis instrument (CES I) was purchased from Dionex Co. 
(Houston, USA). Detection was by UV absorbance at 215 ran. Fused-silica capillaries 
(75 pm I.D., 64 cm in length) were used. The distance between injection and detection 
was 60 cm. The applied electric field was 20 kV. All analyses were conducted at room 
temperature (21°C).
Results and Discussions
For each separation buffer used in this study, the samples o f calixarenes (about 
l.OxlC5 M): SCX4, SCX6, SCX8, monomer (about 5x1c5 M), and their mixtures were 
run at least three times, or until results were reproducible. The migration order of the 
mixture was assigned by testing the migration time of each component alone. The buffer 
was a combination of 50 mM H3B 03 and 10 mM Na2B40 7. The pH o f the buffer was 
8.3. In this case, positive potential was employed. In other words, the anode was on the 
injection side. The electropherogram o f the mixture o f calixarenes and monomer under 
these conditions is shown in Figure 2.1.
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Figure 2.1. An electropherogram o f the calixarenes and phenol monomer; buffer 
50.0 mM boric acid and 10.0 mM sodium borate; pH=8.3; 1. monomer;
2. SCX4; 3. SCX6; 4. SCX8.
The migration time o f the monomer is about 8.3 minutes, which is far from the 
calixarenes (—17 minutes). Although the calixarenes cannot be separated under these 
conditions, the elution order o f the four analytes can still be determined, which is 
monomer, SCX4, SCX6 and then SCX8. This elution order can be explained by 
recalling that the inner surface o f the capillaries contains ^Si-OH groups which are 
ionized to ^ i-O ' in alkaline and slightly acidic media (pH > 2). When an electric field 
is applied to the capillary, the positive counterions in the buffer migrate toward the
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cathode. Since the cations are solvated, the solvent flows with them, resulting in EOF. 
The direction o f the EOF is identical for ionic and neutral molecules, despite their electric 
charges [16].
It should also be noted that hydrolysis o f the analytes and the pH o f the buffer 
affects the separation efficiency and the elution order [25]. The pK,s o f the hydroxyl 
groups o f the monomer unit, SCX4 and SCX6 have been reported. The pK,s o f SCX8 
have not been found in the literature. Therefore, the discussions here regarding pK,s 
are limited to monomer, SCX4, and SCX6. The pK,s o f SCX8 may be inferred from 
the trend observed relative to the three other analytes. As reported, for the monomer, 
the pK. is 8.7 [26]; for SCX4: pK,, = 3 - 4, pK* = 11 [27]; for SCX6: pK., < 1, 
pK,, = 3 , pK^ = 4andpKM >11 [28]. The low pF^s o f the calixarenes are due to the 
formation o f intramolecular hydrogen bonds which has been discussed [27, 28]. Thus, 
at the buffer pH=8.3, the ionic forms o f the analytes in the buffer solution is expected 
to be [S]~; SCX4 as [SCX4]5"; SCX6 as [SCX6]9*. The charge to mass ratio for these 
three analytes are 5.78xl(T3,6.76xl0"3, and 8.1 lxllT3, respectively. If electrophoretic 
mobilities o f ions are proportional to the values o f charge to mass ratio [29], the 
mobilities o f the analytes should be in the order o f monomer < SCX4 < SCX6. Since 
all analytes are negatively charged, the electrophoretic mobilities o f the analytes would 
be opposite to the direction o f EOF. However, due to the dominate contribution of the
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EOF, the migration order o f the analytes will be monomer, SCX4, SCX6 and then 
SCX8. The detection order in Figure 2.1 agrees with this prediction. However, the 
separation o f the calixarenes is not satisfactory. In the electropherogram, the peaks of 
calixarenes are very broad. To improve the separation o f calixarenes, some 
manipulations o f the buffer were undertaken.
K+ and Mg2* effects
The addition of cations in CE has been shown to decrease the EOF and improve 
the separation o f many compounds such as sulfonate and sulfate surfactants [22]. 
Therefore, different amounts o f IT and Mg2* were used as additives to examine the 
effects o f cations on the separation o f the calixarenes. Figure 2.2 provides the 
electropherograms of the mixtures o f calixarenes and monomer under the condition of 
borate buffer with various amounts o f KCL The retention times o f all four analytes 
increase by the addition ofKT. The retention time o f the monomer increases from 8.3 
to 16. Iminutes, while those of the calixarenes increase from 16 to 50 minutes. With 0.25 
mM KG, SCX8 can be separated from SCX6 and SCX4. By addition o f 1.0 mM KCL, 
SCX6 and SCX4 can be barely separated. However, the migration times for the 
calixarenes are as long as 50 minutes. In addition, the peaks are broad and poorly 
resolved. Thus, this would not be an acceptable separation method for calixarenes.






10 20 30 40 600 50
Minutes
Figure 2.2. Electropherograms of the calixarenes and monomer; buffer borate buffer 
(same as Figure 2.1) in presence o f KC1: a. 0.0; b. 0.25 mM; c. 1.0 mM; d. 2.0 
mM.
Another cation, Mg*\ was also investigated as an additive to the buffer. Initially, 
the injection was on the anode side and migration tin e  was monitored for 100 minutes. 
No peaks appeared during this long time period, indicating that the EOF was reversed. 
The polarity of the electric field was then switched. Then, the cathode was placed on the 
injection side. The electropherograms o f the analytes are shown in Several details 
can be noted in these figures (Figure 2.3).
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Figure 2.3. Electropherograms o f the calixarenes and monomer; buffer: borate 
buffecCsame as Figure 2.1) in the presence o f MgC^: a. 2.0 mM: 1.SCX4; 2.SCX6; 3. 
SCX8; 4. monomer; b. 4.0 mM: 1.SCX4; 2. SCX6; 3. monomer; 4. SCX8; c. 6.0 
mM:l. SCX4; 2. monomer; 3. SCX6; 4. SCX8.; d. 8.0 mM: 1. SCX4; 2. monomer; 3. 
SCX6; 4. SCX8; e.10.0 mM: 1. monomer; 2. SCX4; 3. SCX6; 4. SCX8; £12.0 mM: 1. 
monomer; 2. SCX4; 3. SCX6; 4. SCX8.
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(I). As the amount ofMg2* increases from 2.0 mM to 12.0 mM, the migration 
times o f all the analytes were reduced. The separation by use o f 4.0, 6.0, or 12.0 mM 
Mg2* is satisfactory.
(II). The migration time o f the monomer is very much a function of the 
concentration o f Mg2*.
(III). In all buffers with Mg2*, the elution order for calixarenes is SCX4, SCX6, 
and SCX8.
At pH > 2.0 and in alkaline solution, the EOF is toward the negative electrode. 
By addition of Mg2* at pH=8.3,
>S i-a+M g2* -  >Si-OMg*
is formed on the inner-wall o f the capillary [30]. Then the diffuse layer o f solvent is 
negatively charged. Under an applied potential, the diffuse layer migrates toward the 
anode. The EOF is reversed under these conditions. Higher concentrations o f Mg2* 
in the buffer solution produces a  greater amount o f ̂ Si-OMg* on the waU. Thus, the 
reversed EOF is enhanced. This produces a shortening o f the migration times for all 
analytes.
Reversed EOF usually results in a reversal o f elution order o f the analytes [31] 
unless there are other interactions between the analytes and the buffer components. As
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we discussed earlier, the order o f electrophoretic mobilities o f the calixarenes at pH = 8.3 
should be SCX8 > SCX6 > SCX4. The phenol monomer has the smallest mobility and 
is expected to be the last component to elute. In the electropherogram( Figure 2.3 a), 
the monomer is the last to elute. However, the elution order o f calixarenes is not 
reversed because o f the reversed EOF.
The characteristics o f calixarenes should be considered to explain the above 
observations. Calixarenes are cyclic compounds, which can form complexes with metal 
ions. A number of studies on solid state complexation of calixarenes have been reported 
[32]. The /Werr-butylcalixarene amides have been used to extract metal ions from 
aqueous solution [33]. This suggests that the calixarenes may be capable o f complexing 
Mg2* ion. If water-soluble calixarenes can complex with Mg2*, the positive Mg2* would 
neutralize a corresponding number o f negatively charges on the calixarenes. Thus, the 
net negative charge density o f calixarenes decreases and this suppresses the mobilities 
o f the calixarenes. In other words, the more Mg2* complexed by the calixarenes, the 
smaller the electrophoretic mobilities o f the calixarenes. The phenol monomer does not 
complex with Mg2* and does not change with the addition o f Mg2*. Thus, the net 
change in migration for the monomer, due to the increase o f EOF, is larger than those 
for calixarenes. This results in the observed drastic changes in elution order o f the 
monomer.
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It is well known that calixarenes are size-selective host molecules [2, 3]. It has 
been reported that extraction efficiencies (%) ofp-ferf-butylcalixarene amides (4), (6), 
(8) (non-water soluble) for Mg**' are less than 1.0 %, 11.8 %, and 14.2 %, respectively. 
This suggests that the complexation capability with cafo(8)arene amide is the strongest, 
followed by (6) and then (4). In Figure 2.3, the elution order o f the water-soluble
calixarenes is SCX4, SCX6, SCX8. This is opposite to what was observed without Mg2* 
in Figure 2.1 This suggests that SCX8 may complex with the greatest amount of Mg2*, 
followed by SCX6, and then by SCX4. This is the same trend observed for the 
calixarene amides.
Detection limit
For UV detection, the detection limit is typically on the order o f 1CT5 M to 10'6 
M depending on the absorptivities o f  the analytes [34], The detection limit of the 
calixarenes and monomer can be as low as 0.3 ppm. Figure 2.4 shows an example of 
the electropherogram o f SCX6 ( 2.5xlOr7 M). With this low detection, CZE can be 
used to detect the impurities in the calixarene samples. Figure 2.5 is an 
electropherogram of one batch of SCX8. The retention times of SCX4, SCX6, SCX8 are 
13.75, 15.25, 18.43 minutes, respectively, h t Figure 2.5, there are two peaks whose 
retention times are about 15 and 18 minutes. The small peak is assigned to SCX6 and 
the larger one is SCX8. Thus, the appearance o f a small amount of SCX6 can be noted 
in that SCX8 sample.
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Figure 2.4. Electropherogram of SCX6 at 2.5 xl0~7 M.
2
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Figure 2.5. Electropherogram of one batch o f SCX8 sample which includes a small 
amount o f SCX6:1. SCX6; 2. SCX8.
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Summary
CZE is a very effective method for separation o f sulfonated calixarenes (4), (6), 
(8). The borate-boric acid buffer with 4.0, 6.0, or 12.0 mM Mg^is recommended for 
separation o f these compounds. In addition, CZE is useful for examining the purity o f 
the calixarene samples. CZE is also a potential technique for studying the complexation 
abilities o f calixarenes with cations and neutral compounds. However, the disadvantage 
of CZE is that it can not be used as a preparative method. HPLC would be a better 
method in this regard.
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Chapter 3
Spectroscopic Studies of Water-soluble Sulfonated Calix(6)arene 
Introduction
Study o f calixarene chemistry [1] is one o f the fastest growing areas m 
supramolecular chemistry. Many chemists are using these molecules and then derivatives 
as artificial enzyme mimics for inclusion complexation of selected substrates [2]. 
Calixarenes are also very useful in the area o f analytical chemistry. For example, 
calixarene derivatives have been used to efficiently purify Qo [3], to make highly 
sensitive and selective electrodes [4] for Na+, FT and as sensors for Ca?+ [5]. However, 
the most common forms of calixarenes are not soluble in water. Therefore, much effort 
has focused on the synthesis o f water-soluble derivatives such as the highly soluble 
sulfonated calixarenes [6, 7]. The calixarenes have also been used as additives to 
separate various phenol derivatives [8]. More recently, capillary electrophoresis has 
proved to be a viable technique for separation o f sulfonated calixarenes [9].
Water soluble sulfonated-calixarenes may selectively include various guest 
molecules according to their size and hydrophobicity in a manner similar to cyclodextrins 
[10-11]. The properties o f these two types o f host molecules have been compared and 
summarized [12]. One should note that the phenolic units o f calixarenes are 
spectroscopically active in the UV region. This is significantly different from the 
oligosaccharide units o f cyclodextrins. Therefore, the photophysics o f calixarenes
98
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should be considered when using luminescence probes to study their inclusion 
complexes. The phenolic units in calixarene molecules are linked by -CH2- groups. 
Thus, since the x-systems of die individual benzene rings are not coupled to each other, 
the spectroscopic properties o f SCX6 should be similar to those o f individual phenolic 
units.
The fluorescence and absorption o f phenols and their derivatives have been well 
documented [13-17]. In particular, studies o f excited state proton transfer and hydrogen 
bonding o f phenols and naphthols are extensively reported in the literature [13, 16]. The 
fundamentals o f inter- and intramolecular reactions of such molecules have been 
reviewed [17]. The hydrogen-bonded complexes o f phenol with proton-accepting 
molecules, such as ethers and alcohols, are known to shift the absorption and 
fluorescence spectra o f phenols to longer wavelengths [14].
A red shift in the absorption o f p-nitrocalix(6)arene in a mixture o f water : 
tetrahydrofuran has been reported [18]. This shift is attributed to a deprotonation of the 
OH groups. The pK„s of sulfonated calix(6)arene obtained from titration calorimetry 
have also been reported [18-20]. However, complete fluorescence studies on SCX6 
have not been reported In this manuscript, the pH dependence of the fluorescence 
and absorption spectra of SCX6 in aqueous solution is presented Comparison 
studies o f SCX6 and p-faydroxybenzene sulfonate are also reported In addition, 
potential problems due to inner-filter effects o f SCX6 are discussed




Water-soluble sulfonated-calix(6)arene (SCX6) was synthesized by use of 
previously reported procedures o f Gutsche, et aL and Shinkai, et aL [21,22,6]. A stock 
solution o f l^ x lO "3 M  SCX6 in deionized water was prepared. Samples at pH= 2.0 
were obtained by adjustment with HC1, whereas samples at pH=13.0 were obtained by 
addition of NaOH. An aqueous KC1 solution was used to adjust all samples to the 
same ionic strength. AD other pHs were obtained by addition o f buffers. The buffers 
used were as follows: pH=3.0 & 4.0 (citric Acid / citrate), pH=5.0 & 6.0 [NaOOCCH3 
(NaAc) / HOOCCHj (HOAc)], pH=7.0 & 8.0 (NaH2P 04 /  NaHP04), pH=9.0 & 10.0 
(Na2B4O7.10H2O), pH=l 1.0 & 12.0 (NajHPOJ [23]. AU compounds used in pH 
adjustment were purchased from Fisher Scientific Company and used without further 
purification.
Apparatus
Steady-state fluorescence measurements were acquired with a SPEX-Fluorolog 
Model F2T21I spectrofhiorometer equipped with a  ceU compartment, thermostated by 
use of a VWR Model-1160 constant temperature circulator. The excitation and emission 
bandwidths were both set at 5 nm. The method employed to measure the fluorescence 
decays was time-correlated single photon counting (TCSPC) [24,25]. The TCSPC 
instrumental setup used in our experiments has been described previously [25, 26]. The
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emission source is a Coherent 701-3 cavity-dumped dye laser, synchronously pumped by 
a frequency-doubled, mode-locked Quantronix416 Nd-YAG laser. The output beam 
from the dye laser was frequency doubled by a BBO crystal and vertically polarized by 
a half-wave retarder. The excitation wavelength (at 286 nm) was selected with a three- 
plate bitefiingeflt filter. Emission (at 310 nm) was detected with a  Hamamatsu R28090 
MicroChannel Plate Photomultiplier, which is wired for an instrumental response of 90 
ps Instrumental Response Function (IRF). Data acquisition was controlled by a 
Macintosh Ilex computer using a program based on the Lab VIEW software package 
[25]. Data were processed by use o f TCSPC analysis software on a PTI LS-100 
Luminescence Spectro-Photometer (Photo Technology International Inc. South 
Brunswick, NJ 08852) [27]. Absorption spectra were recorded on a Shimadzu UV- 
3101PC scanning spectrophotometer. All absorption spectroscopic analyses were 
conducted at room temperature.
Results and Discussions
Absorption Studies on W ater-m lohle CaBxTflarene
The absorption spectrum o f aqueous SCX6 is shown in Figure 3.1. There are 
two separate broad absorption bonds which are associated with two excited electronic 
energy levels. The two absorption bands are attributed to the So~S2 (X max at 210 nm) 
and S0-S , (k  max at 278 nm) transitions, respectively. The molar absorptivities were
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Figure 3.1: Absorption spectrum o f SCX6 (2.08 x 10r5 M) at pH=2.0.
determined at pH =2.0 from a calibration plot in the linear range o f absorbance vs. 
SCX6 concentrations (Figure 3.2) by use o f Beer-Lambert law. The molar absorptivity 
at 275 nmis about 6750 L mot1 cm'1 over the linear range of absorptivity up to 4.15X104 
M SCX6.
The effect of pH on the absorption
The absorption spectra o f SCX6 (5.2 x 10^ M) in aqueous solutions were 
collected at different pHs (Figure 3.3). As the pH increases from 2.0 to 13.0, the 
absorption band at 270-282 nm becomes structureless and an additional absorption band
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Figure 3.3: The absorption spectra o f SCX6 at different pHs.
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appears at about 295 nm. Shinkai et aL [18] have reported similar results for the 
absorption ofp-nitrocalix(6)arene at different pHs in 70:30 (v/v) water.THF solution. 
They concluded that the red shift o f the absorption is due to deprotonation o f the 
hydroxyl groups.
In order to better understand the effect o f pH on the absorption o f SCX6, 
variations in solution pH are presented in Figure 3.4 for p-hydroxybenzene sulfonate 
(the monomer o f SCX6). The absorption o f the monomer, at pH ~r 2.0, has a maximum
1.20
0.00
215 236 257 275 299 320
Wavelength (nm)
Figure 3.4: The absorption spectra ofp-hydroxybenzene sulfonate
(monomer) at various pHs.
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at about 230 nm accompanied by a broad band at 250-280 nm. The absorption spectrum 
appears to shift to the red at a pH o f  ~ 13.0 with a peak at about 255 nm, which is also 
accompanied by a shoulder at 275-300 nm. The isosbestic point at ~ 236 nm suggests 
a binary equilibrium between two molecular specks. For the purpose o f comparing the 
monomer with SCX6, it is sufficient to note that the protonated monomer is predominant 
at a pH o f ~ 2.0 while its deprotonated monomer is dominant at pH -  13.0. This typical 
behavior ofpH equilibrium between two forms was not observed for SCX6. Thus, no 
isosbestic point was observed for SCX6 (Figure 3.3).
The red shifts o f the absorption spectra are observed for both SCX6 and its 
monomer, which suggests that SCX6 also undergoes deprotonation. If all protons on 
the rim o f SCX6 are deprotonated, the shape of the absorption spectra should be similar 
to those o f the monomer. However, we found that the absorption spectra of SCX6 
are similar to those of the monomers only at low pHs. The absorption spectra o f the 
two compounds at higher pH are distinctly different. This observation suggests that 
some o f the phenolic hydroxyl groups o f SCX6 are still protonated even at a pH as high 
as 13.0. This conclusion is consistent with the formation o f strong hydrogen bonds 
between adjacent hydroxyl sites [6, 19, 20].
Fluorescence studies
Fluorescence measurements Our fluorescence studies on SCX6 suggest that the 
fluorescence o f calixarene is sensitive to pH. The fluorescence spectra of SCX6 
(1.04x1 O'4 M) at different pHs are displayed in Figure 3.5. At pH=2.0, one emission
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band with a peak at 308 nm appears with a  long tail At pH*3.0 and up to 6.0, there are 
two emission bands with maxima at 308 nm and 480 nm. As the pH increases, the 
intensity at 308 nm decreases gradually, accompanied by an increase m intensity o f the 




Figure 3.5: The fluorescence spectra o f SCX6 excited at 270 nm (at various pHs)
A study o f the monomer unit (/7-hydroxysulfonated phenol) was also performed 
in order to better assign the emission at various pHs to the corresponding SCX6 species. 
The emission spectrum of the monomer units was acquired at different pHs [Figure 3.6].
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Figure 3.6: The fluorescence spectra of p-bydroxybenzene sulfonate (monomer)
excited at 270 nm (at various pHs)
Two fluorescence bands appear in the spectra o f the monomer unit, one at 306 nm and 
the other at 345 nm. At pH up to 7.0, only one fluorescence band appears with a 
maximum around 306 nm. However, at pH ■ 8.0, a second emission appears and 
gradually shifts, to a single long wavelength band at pH >9.0. This observation is 
consistent with that of phenol which has a pKa*9.0, and a pKa** 4.0 [28]. Ground state 
equilibrium and excited state proton transfer determines the relative intensities of the dual
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
emission. These observations suggest that the sulfonate group has no significant effect 
on the absorbance of SCX6 . Thus, the spectra o f p-hydroxysulfonate phenol are similar 
to those o f phenoL
The fluorescence changes o f SCX6  and its monomer are reversible with changing 
pH, indicating an equilibrium process. It is reasonable, therefore, to  assign the band 
at 306 nm to the protonated monomer (R-OH), while the deprotonated monomer (R-Or) 
has its fluorescence band at 345 nm. This simple correspondence between the two forms 
o f the monomer and the two fluorescence bands is not straight forward in the case of 
SCX6  since SCX6  has six hydroxyl groups. In the absence o f interactions between the 
hydroxyl groups of SCX6 , assuming a binary equilibrium, one would expect the spectra 
o f SCX6  to be similar to those o f the monomer. However, our fluorescence 
observations o f SCX6  cannot be interpreted according to a simple binary equilibrium.
The emission spectra o f SCX6  and the monomer are similar at pH =2.0. The 
fluorescence o f SCX6  has its maximum at 308 nm, and this band can be assigned to 
completely protonated SCX6 . As the pH increases (pffe3.0), the emission spectra o f 
calixarene deviate significantly from those o f the monomer. To better interpret the 
spectra, we divide the spectrum into two regions: the band around 335 nm and the 
band between 400 and 530 nm [Figure 3.5]. As the pH increases, more and more 
protons are removed from the rim o f SCX6 . Assuming that SCX6  is spectrally similar 
to the monomer, then the fluorescence peak o f conq>letely deprotonated SCX6  would 
be expected at 345 nm. However, even at pH-13.0, the fluorescence o f SCX6  does not
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have a single bend which would be expected from completely deprotonated SCX6 . This 
observation suggests that completely deprotonated SCX6  is not possible over the pH 
range examined. The first band in the fluorescence spectrum o f SCX6  at pH - 13.0 
appears at 33S nm, a 27 nm red shift relative to  its single fluorescence band at low pH. 
This band at 335 nm is, however, at a shorter wavelength than the fluorescence o f the 
deprotonated monomer at 345 nm. We believe that this relatively smaller shift in the 
fluorescence o f SCX6 , as compared with that o f the monomer, is likely due to 
intramolechiar hydrogen bonding on the rim. This result also suggests that SCX6  is 
partially protonated in the excited state even at pH=13.0, due to hydrogen bonding 
between the hydroxyl sites.
We have employed picosecond (ps) lifetime measurements for further studies o f 
this molecule. The lifetimes obtained for SCX6  are about 35 ps and 350 ps, whereas the 
lifetimes o f the monomer are about 120 ps and 950 ps. It is worth noting that short bi­
exponential lifetime decays are observed for both SCX6  and the monomer. Such short 
decay times may reduce the excited state proton transfer. However, these fast 
fluorescence decays do not seem to be the reason for the lack of observation o f a  single 
fluorescence band o f SCX6  in alkaline pH solutions because such a single fluorescence 
band around 345 nm is achievable in the fluorescence o f the monomer. This again 
suggests that the hydrogen bonds between the hydroxyl groups o f calixarene appear to 
play a major role m stabilizing the protons o f the SCX6 , resulting in different pKa values 
for the six protons [18-20]. Otherwise, it would be expected that all six protons should
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have the same pKa values. As a result, the steady state and time resolved fluorescence 
should be similar to that o f the monomer.
The second emission o f SCX6  at 400-530 nm has no comparable emission in the 
monomer spectrum. In addition, this band appears only at higher pH. Apparently, this 
fluorescence is a result o f interaction between the individual phenols in SCX6 . One 
should keep in mind that SCX6  is a cyclic supramolecule which is composed of 
sulfonated phenols linked by -CH2- groups. Those phenolic units can form 
intramolecular exciplexes o r ground state dimers. Since the absorption spectra do not 
show any evidence o f ground state dimers, we hypothesize that exciplexes are formed 
in the excited state. In general, it should also be noted that all calixarene molecules may 
have different conformers [ 1 , 1 2 ] such as cone, pinched cone, partial cone, chair, and 
alternate conformers. Earlier studies showed that at high pH the phenolate groups form 
stronger hydrogen bonds leading to a fixed cone conformation for sulfonated 
calix(6 )arene [18]. In solid state, X-ray data suggest that the double partial cone is 
stabilized by intramolecular hydrogen bonding [19], where two protons are up and two 
down on the rims o f a double partial cone conformer. In other words, two protons are 
deprotonated from SCX6  molecule. Thus, if the emission between 400-530 nm is due 
to excimer formation, the excimers in SCX6  molecule should be affected by changes in 
the pH of the solution. This hypothesis stems from our reasoning that the formation of 
an intramolecular exciplex depends on intramolecular orientational motion [29]. In fact,
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observation o f the band between 400 and 530 nm only at higher pH supports this 
hypothesis.
Lifetime measurements o f SCX6  were employed to test the above hypothesis. 
The lifetime o f SCX6  was measured to be as short as 0.3 ns. As discussed earlier, 
hydrogen bondiig between the hydroxyl groups is expected to be very weak at low pH 
since the phenolic units are more flexible and randomly orientated [18]. The short 
lifetime o f SCX6  does not allow the phenolic units to reach the required geometry for 
excimer formation. Therefore, the band around 400 and 530 nm is not clearly shown 
at low pH. In contrast, SCX6  at higher pH will likely have a rigid cone or partial cone 
conformation in basic solution due to stronger hydrogen bonding. The orientation o f 
the cone conformers would allow excimer formation. No re-orientation movement 
would be required.
The effects of buffer components on flnorescence and absorption spectra
The pH in these experiments has been controlled by the addition o f buffers. The 
samples o f calixarenes at different pHs include one or more buffer components. Since 
calixarenes may form complexes with some o f these species [ 1 , 1 2 ], it is crucial to 
examine the effects o f buffers. Thus, the fluorescence and absorption o f the samples with 
different components at pH=5.0 are tested, in order to be certain that the observed 
fluorescence and absorption changes a t different pHs are not induced by buffer 
components. At pH=5.0, both the absorption and fluorescence spectra o f calixarene 
are sensitive to pH. Thus, any effects o f different buffer components on the spectra
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should be easier to observe at pH=5.0. The intensities o f the absoiption and 
fluorescence are collected from the samples composed o f the same calixarene 
concentration and various buffer components. The data obtained show that the effects 
o f the components are less than 5.0%, which is within instrumental error. These small 
changes in the presence o f different buffers would not account for the observed spectral 
changes at different pHs. The observed effects are, therefore, likely due to pH 
equilibria.
Inner-filter effect studies
Calixarenes are potentially useful as host molecules for oiganic guest compounds. 
When the absorption o f SCX6  overlaps that o f the monitored guest, one must be 
cautious o f the influence o f inner-fQter effects. Small polyaromatic compounds such as 
naphthalene have absorption spectra at about 270 ran. The absorptivity o f SCX6  at this 
wavelength is not negligible, reaching 6750 L M 'cm 1 at pH =2.0.
Comparison studies using front face fluorescence measurement and right angle 
fluorescence measurement o f SCX6  were conducted. The front face fluorescence 
intensity o f SCX6  was obtained by use o f a triangular fluorescence cell. Figure 3.7 
portrays the front and right angle fluorescence intensities at different concentrations o f 
SCX6 . The front face fluorescence intensity o f SCX6  is consistently higher than the 
right-angle fluorescence, and increases as a function o f SCX6  concentrations up to 
4.15x10“* M, where it levels off In comparison, right-angle fluorescence is 
proportional to SCX6  concentrations up to 1.04x10“* M and decreases to zero at higher
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concentrations. This observation indicates that inner-filter effects o f SCX6  can not be 
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Figure 3.7: Plots o f front face and right angle fluorescence measurements (excited
a 270 nm) against the concentrations o f SCX6 .
0 Front face fluorescence.
□ Right angle fluorescence.
From a study o f the im er-fiher effects, we have concluded that the fluorescence 
intensities o f some probes which absorb between 250 and 310 nm can be significantly 
decreased by the addition o f SCX6  when excited at these wavelengths. The probe 
molecules studied include several polyaromatic hydrocarbon molecules such as P- 
naphthol, naphthalene, and pyrene. The observed decreases in the fluorescence intensity 
upon excitation at 270 nm are a result o f SCX6  absorption. Therefore, the inner 
filter effect o f SCX6  in the range o f250-320 nm must be considered in studies of
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complexation between host SCX6  and guest fluorescence probes. Fluorescence probes 
which can be excited above 320 nm, where SCX6  does not absorb strongly, are more 
appropriate for studying SCX6 . Otherwise, correction for inner filter effects is cruciaL 
Conclusions
A comparison stucfy o f the spectroscopy o f SCX6  and its monomer reveals that 
the spectroscopy o f the monomer is similar to the spectroscopy o f phenol, while SCX6  
does not follow either. The sulfonate group o f the monomer does not significantly 
influence its spectroscopy. However, hydrogen bonding and excimer formation of 
SCX6  produce a more complicated spectra than that o f the monomer. We conclude that 
the red shifts o f the fluorescence and the absorption o f SCX6  are due to disassociation 
o f protons from the rim o f SCX6 . Moreover, the relatively smaller red shift o f the 
fluorescence o f SCX6 , as compared with that o f the monomer, suggests that 
intramolecular hydrogen bonding occurs in the SCX6  molecule. Strong hydrogen 
bonding causes retention o f some protons on the rim o f SCX6 , even at pH=l3.0. The 
emission in the range 400 nm-530 nm is apparently due to excimer formation between 
two phenol groups.
Itmer-fiher effects are a serious disadvantage o f SCX6  as a host molecule for 
studying the complexation o f certain fluorescence probes. A simple method for 
correction of the inner filter effect is currently under study in our laboratory. However, 
as an alternative, one can use probes which can be excited a t longer wavelengths than 
320 nm where the SCX6  does not absorb strongly.
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Chapter 4 
Complexation Studies of Water-Soluble 
Calixarenes and Auramine O dye 
Introduction
Calixarenes [1,2] are cyclic phenol oligomers linked by ethylene groups. These 
compounds are cylinder-shaped with various cavity sizes and can form a variety ofhost- 
guest type inclusion complexes, similar to cyclodextrins. For many years, the use of 
cyclodextrins as host molecules has been a focus for chemical research. The a-, P-, and 
y- cyclodextrins have inner cavity diameters o f 5.7, 7.8, and 9.5 A, respectively [3]. 
These compounds are known to form non-covalent inclusion complexes with various 
molecules o f appropriate size and polarity. In contrast, the inner cavity diameters of 
calix(4)arene, cahx(6 )arene and caloc(8 )arene are 3.0, 7.6, and 1 1.7 A, respectively [ 1 ].
Thus, the inner cavity diameter o f calix(6 )arene is comparable to that o f P- 
cyclodextrin. However, there is a significant difference between the oligosaccharide 
units o f cyclodextrin and the phenols o f calixarene. These latter molecules are known 
to absorb ultraviolet light and to fluoresce. Therefore, the photophysics o f calixarenes 
have been investigated [4, 5]. In addition, the acid-base properties with and without 
protonation o f calixarenes have been studied in detail [6 , 7].
There are many advantages to  using calixarenes as host molecules due to their 
unique properties. The weak forces which play a major role in complex formation 
include hydrogen bonding, it-ic interactions, electrostatic interactions, and dipole-dipole
117
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moments [8 ]. Calixarenes provide all o f those characteristics. Although p-tert- 
butylcalixarenes are insoluble in aqueous solution, derivitization o f these calixarenes 
produces water-soluble compounds [1,2]. The result is that a variety o f calixarenes with 
various sohibQitks can be obtained by organic synthesis. Several water-soluble 
derivatives which have been synthesized are sulfonato- [4-7,9-11], amino- [12], nitro- 
[13], carboxyl- [14] and phosphonato-calixarenes [15]. Among those calixarenes, the 
sulfonated calixarene derivatives are highly soluble in water and can be potentially useful 
as mimics o f enzyme-substrate complexes [16].
Recognition o f metals, such as alkali, alkaline earth metal ions, and lanthanides 
is one o f the most interesting topics in  host-guest calixarene chemistry. Although most 
o f the reported metal binding ligands o f calixarenes are non water-soluble calixarenes 
[17,18], studies on the recognition o f UQj2̂  and lanthanides by use o f water-soluble 
sulfonated calixarene derivatives have also been reported. Shinkai, et al. examined the 
complexation o f U O ^ by /vcarboxymethoxy sulfonated calix(6 )arenes [19] and a 
polymer resin immobilizing cahxarene-based uranophiles [20]. It was revealed that the 
specific affinity o f the calixarene is selective to  UOj2+ due to size compatibility. Atwood, 
etal. have investigated/>-sulfonated calix(5)arene by use of X-ray crystallography [11] 
with lanthanides as guests.
There have also been several studies reported on complexation o f calixarenes and 
organic compounds. Since water-soluble calixarenes possess hydrophobic and 
hydrophilic properties, they are capable o f encapsulating neutral organic as well as ionic
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species. This was reported by Shinkai, et al. [21] who investigated the complexation 
o f a polarity fluorescence probe: phenol blue. The observed large wavelength shifts in 
the fluorescence spectrum o f phenol blue when complexed with hexasulfonated 
calixarene was attributed to stabilization o f the included cationic species by the six 
anionic groups on the upper rim o f the calixarene cavities. In contrast to the more 
accepted hydrophobicity o f the calixarene cavities, the authors concluded that the cavities 
o f these calix(6 )arene derivatives are more polar than water [22]. In addition, the 
stoichiometry o f the complex was determined to be 1:1. Additional calixarenes with 
different sizes [calixarenes (4), (6 ), and (8 )] have been examined. The binding constant 
of each host molecule has been systematically estimated by applying two different guest 
molecules, Le. phenol blue (PB, a slim long molecule) and anthrol blue (AB, three times 
bigger than PB). The estimated binding constants for the small guest molecule (PB) 
were found to be CX6  > CX4 > CX8 , whereas the constants for the larger guest 
molecule (AB) were on the order o f CX8  > CX6  > CX4. Therefore, calixarenes were 
capable o f size-selectivity similar to cyclodextrins [22]. This observation further 
supports the idea o f designing calixarenes as synthetic enzyme mimics. Shinkai, e t al. 
[23-24] also employed other guests such as trimethylanilinium chloride and 1- 
adamantyltrimethyl ammonium chloride to bind with sulfonated calixarenes (4), (6 ), (8 ). 
The observed binding constants as determined by use ofNM R were in the range o f (0.5- 
2.0) xlO*M'1.
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Auramine O is a cationic dye and a derivative o f diphenyhnethane. The 
fluorescence o f this dye is significantly altered upon changes in its microenvironment 
It has been reported that the fluorescence o f this compound in water is very weak. 
However, the fluorescence is significantly enhanced in a viscous solution [25], or upon 
binding to a biological membrane [26]. Factors which coukl account for the observed 
fluorescence enhancement include the rigidity and the hydrophobicity o f the 
microenvironment. When Oster reported an increase o f AuO fluorescence in the 
presence ofDNA, they concluded that it was the rigidity o f the environment provided by 
the DNA which prevented internal rotation o f the N,N-dimethyIanilme groups, and 
consequently, prevented quenching due to dissipation o f electronic energy. Therefore, 
the fluorescence intensity o f the dye reflects the effective microviscosity o f its 
microenvironment. More studies supporting this theory include binding studies o f AuO 
with DNA andHLADH [26-27], membranes [28], micelles [29-33], polymers [34-36], 
and cyclodextrins [37]. An alternative explanation to rigidity is that the hydrophobicity 
o f the microenvironment o f the binding substrate is responsible for the increase in the 
AuO quantum yield [38,39].
The p-sulfonated calix(6 )arenes provide not only a hydrophobic environment 
(benzene rings or alkyl chains), but also hydrophilic heads (S03 ). In other words, these 
calixarenes possess properties o f both cyclodextrins and micelles. The literature on 
studies o f calixarene complexes is limited. Therefore, it is very valuable to use 
calixarenes as host molecules and AuO as a fluorescence probe to study the photophysics
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o f the binding calixarenes with AuO as reported here. Four compounds including p~ 
sulfonated calix(6 )arene (SCX6), p-sulfbnated phenol (MH), /7-sulfonated 
pentybxycalixarene (SCX6-CsHu), and/7-sulfonated pentybxyphenol (M -CjH,,) were 
empbyed to conduct these binding studies. The structures o f these chemicals and AuO 
dye are shown in Figure 4.1. The experimental results aDow us to compare the effects 
o f the cavities and the hydrophobicities o f the binding substrates on the fluorescence of 
AuO. Absorption and steady state fluorescence were empbyed.





M H(R = H) SCX6 (R = H)




Figure 4.1: Chemical structures o f calixarenes, monomers, and fluorescence probe
(AuO).




Synthesis of p-sulfonated-ca]ix(6)areae. The p-sulfbnated-calix(6 )arene was 
synthesized by incorporating a combination o f previously developed procedures o f 
Gutsche, et al. and Shinkai, e ta l. [4, 5, 44-46].
Synthesis of p-pentyloxysulfonated caHx(6)arene [4]. To a three necked 
round bottom  flask, 1.50 g  o f sulfonated calixarene (6 ) and 1.25 g of NaOH were 
dissolved in 7.5 ml HzO, and 4.0 ml o f bromopentane in 30.0 ml DMSO were added, 
stirred, and heated to 50°C. The reaction takes about two days to complete, which is 
much longer than the monomer reaction. The precipitate (PPT) was isolated from the 
reaction by filtration. The PPT was washed with EtOH to obtain a crude product. The 
filtrate can be diluted with MeOH to generate a PPT which is also a crude product. The 
crude product can be recrystallized by use of water-EtOH to obtain a white powder. This 
method is similar to the method o f Shinkai, e t al. [4]. Chemical analysis: 
C ^H ^O ^N ^. 3HjO. Theoretical values (%) are: C 49.65, H 5.67, S 11.04, Na 7.92 
and experimental values are: C 49.40 (0.5%), H 5.59 (1.4%), S 10.90 (1.2%), Na 7.73 
(2.4%).
Synthesis of p-pentyloxyphenol sulfonate [4]. To a three necked round 
bottom flask, 3.00 g o f 4-hydroxybenzenesulfonic acid, sodium salt and 2.35 g o f NaOH 
were dissolved in 15.0 ml H2Ot and 8.0 ml o f bromopentane in 60.0 ml DMSO were 
added, stirred, and heated to 50 °C. After ten hours, the precipitate (PPT) was isolated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
123
from the reaction by filtration. The PPT was washed with EtOH to obtain a crude 
product The filtrate can be diluted with MeOH to gensate a  PPT which is also a crude 
product This crude product can be recrystallized by use o f water-EtOH to obtain a 
white powder. This method is similar to  that reported by Shinkai et al. [4]. Chemical 
analysis: CuHts0 4SNa. Theoretical values (%), without assuming any waters o f 
hydrogen, are: C 49.61, H 5.68, S 12.02, Na 8.64 and experimental values are: C 48.62 
(2.0%), H 5.58 (1.7%), S I 1.87 (1.2% ), N a8.30 (3.9%).
Auramine O and 4-hydroxybenzenesulfonic acid, sodium salt were purchased 
from Aldrich Chemical Company (Milwaukee, WI) and used without alteration. A
5.QX104  M stock solution o f Auramine O was prepared in deionized water. To prepare 
Auramine O solution in aqueous SCX6 , a 1.0 ml aliquot o f AuO aqueous solution was 
transferred into a 10-ml vohimmetric flask. The Auramine O concentration was held 
constant at 5.0 x lCT5M andthepH at 7.0 in all experiments. The fluorescence emission 
spectra were taken at an excitation wavelength o f365 nm. The buffers were prepared 
using NajHPQ, and NaOH which were purchased from Fisher Scientific Company (Fair 
Lawn, NJ).
Apparatus. Steady-state fluorescence measurements were acquired with a 
SPEX-Fluorolog, Model F2T21I spectrofluorometer equipped with a cell compartment, 
therm ostated by use o f a VWR Model-1160 constant temperature circulator. The 
excitation and emission bandwidths were both set at 5 ran. Absorption spectra were
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recorded by use o f a Shimadzu UV-3101PC scanning spectrophotometer. All 
absorption spectroscopic analyses were conducted at room temperature.
Results and discussion
The absorption and emission spectra o f AuO at pH—7.0 were measured ( Figure 
4.2). Two absorption bands were observed at 368 nm and 430 nm, which correspond 
to the transitions from the ground state to  the second and the first excited electronic 
states, respectively [25-27]. The absorption spectra o f AuO at 5.0x10s M' 1 in aqueous 
solution follow Beer’s law [37]. Therefore, this concentration was used in all 
experiments. The fluorescence intensity o f AuO in water is very weak, and the 
fluorescence maximum is at 495 nm.
>40 aw 444 4M •00
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Figure 4.2: a . Absorption spectrum o f AuO (5.0xl0~s M) at pH =7.0.
b. Emission spectrum o f AuO.
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A bsorption Studies. Figure 4.3 shows the absorption spectra o f AuO in aqueous 
solution at various concentrations o f SCX6 . A t a  concentration o f l.OxlO"5 M o f SCX6 , 
the absorption slightly decreases and there is a  6  nm red shift from 430 nm. With further 
addition o f SCX6 , the spectrum shifts further down to the red region (445 nm) and a 
slight increase in the intensity is observed. The addition o f SCX6 -C5HU produces a 
similar effect on AuO absorption spectra to the addition o f SCX6 , whereas, addition o f 
the monomers has no obvious affects. The shifts o f the spectra in the presence and 
absence o f SCX6  are larger than results which have been previously reported in 
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Figure 4.3: Absorption spectra o f AuO at various concentrations of SCX6  in the
range from 0.0 mM to 0.5 mM.
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AuO and SCX6  are stronger than these in the other systems. The formation o f a 
complex between SCX6  and AuO results in shifts and a small increase in absorption. 
Similar phenomena were reported by Mwahipindief al. in the system involving AuO and 
P-CD [37] and surfactants [34-37].
Fluorescence Studies The fluorescence spectra o f AuO in the presence o f SCX6  and 
monomer (MH) are shown m Figure 4.4 a& b .  The addition o f MH does not affect the 
fluorescence o f AuO, whereas the fluorescence o f AuO in the presence o f SCX6  is 
slightly enhanced The enhanced fluorescence o f the dye also shows a 12 nm red shift. 
One o f the theories is that the internal rotation o f the diphenylaniline is responsible for 
lowering the quantum yield ofthis probe in water, hi the presence o f P-cyclodextrin, the 
fluorescence intensity o f AuO was much more enhanced than in the presence o f SCX6 . 
If the sole reason for the increase in AuO fluorescence is due to  the restricted internal 
rotation, then one should expect much more enhancement when SCX6  is used as a host 
molecule since the sizes o f both host molecules are comparable to  each other. However, 
the experimental results do not support this conclusion. From Corey-Pauling-Kohon 
(CPK) space filling model, the AuO molecule could be totally included into the SCX6  
cavity such that it would reduce the rotational freedom o f the dye molecule. Hence, 
there must be some other reasons accounting for the observed increase. It is known that 
P-cyclodextrin provides a hydrophobic environment. Many studies involving 
cyclodextrins and pyrene have verified the hydrophobicity o f cyclodextrins [40-41].













Figure 4.4: a. Fluorescence spectra o f AuO (5.0x10^ M) in the presence o f
monomer (MH) at concentrations from 0.0 mM to 3.0 mM.
b. Fluorescence spectra o f AuO (5.0xl0~s M) in the presence o f 
calixarene (SCX6 ) at concentrations from 0.0 mM to 0.5 mM.
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In contrast, the SCX6  cavity does not provide much o f a hydrophobic environment since 
there are sulfonate groups occupying the upper-rim while hydroxyl groups occupy the 
lower-rim. Water molecules may also be bound to the dye molecule. Therefore, the dye 
fluorescence does not increase much even though the diphenylaniline rotation is 
restricted by the calixarene cavity.
More studies have been undertaken in order to distinguish the mechanisms which 
produce the enhancement o f fluorescence. We have synthesized alkyl derivatives for 
the monomer and SCX6 . We have employed these two compounds to conduct a 
comparison study. Since the alkyl chains substitute for the protons on the hydroxyl 
groups, the microenvironment o f the calixarene cavity is more hydrophobic. The 
fluorescence spectra o f AuO in the presence ofM-CsHu and SCX6 -C5Hn are collected 
and shown in Figure 4.5 a & b. It is evident that the AuO fluorescence is significantly 
enhanced in the presence o f the host molecule SCX6 -C5HU, whereas this is only slightly 
affected by the addition o f There are some similarities between the Figures
4.4 b and 4.5 b, in which the spectra o f AuO are shifted about 12 nm to the red in the 
presence of both SCX6  and SCX6 -CsH,,, but not with the monomers. The shifts suggest 
complex formation between the calixarenes and the dye.
Estimation of the Formation Constants. Mwahipindi, etal. reported that the 
stoichiometric ratio for |5-CD and AuO was 1:1 based on the enhancement of 
fluorescence intensity [37]. As described earlier, calix(6 )arene also has a similar
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Figure 4.S: a. Fluorescence spectra o f AuO (S.OxlO"5 M) in the presence o f
monomer (M-CjHu) at concentrations from 0.0 mM to 3.0 mM.
b. Fluorescence spectra o f AuO (5.0x10^ M) in the presence o f 
calixarene (SCX6 -CsH„) at concentrations from 0.0 mM to 0.5 mM
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diameter to (J-CD. Therefore, we assume the association stoichiometric ratio to be 1:1 
for the complex between calix(6 )arenes and AuO at this point. This assumption will be 
tested by use o f a  Benesi-Hilderbrand plot [42]. First, we assume that the equilibrium 
for complex formation is as follows:
SCK6 + AuO -  SCX6 * AuO (4.1)
The equilibrium constant (K,) fo ra  1:1 association between SCX6  and AuO is
given by:
~ [SCX6*AuO]
K . = - ------------------  (4.2)
1 [SCX6\ [AuO] 1 '
where [SCX6 ] and [AuO] are the concentrations o f SCX6  and AuO at the equilibrium 
moment, respectively. The [SCX6 *AuO] is the equilibrium concentration o f the 
inclusion complex for a given SCX6  concentration.
Based on experimental results, the fluorescence o f AuO is enhanced due to 
inclusion formation. In other words, the enhanced fluorescence is from the complexed 
AuO. Therefore, the equilibrium concentrations o f SCX6  and AuO correspond to their 
contributions to the fluorescence intensities. A reasonable expression between the 
equilibrium concentrations and the fluorescence peak areas is as follow:
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lAuO]0 {A, -  
[SCX6* AuO] '  (A -  AJ (4.3)
where [AuO]„ is the initial analytical concentrations o f AuO and [SCX6 *AuO] s  
complexed AuO concentration. The parameters Aq and At denote the fluorescence peak 
areas for AuO dye in pure aqueoussohitkra and in complexed AuO, respectively; A is 
the peak area at a given SCX6  concentration, h i general, the initial concentration o f the 
host molecule (SCX6 ) needs to be 20 times larger than the guest molecule (AuO) (The 
concentration of SCX6  is much larger than that o f the complex, Le. 
[SCX6 ]» [S C X 6 *AuO]). The classical method for determination of K, is the 
preparation o f a double-reciprocal plot as:
1 1 1
A - A0 Jt, 04, -  /y[SCX5]0 * At - A0 (4.4)
and a plot o f l/(A-Ao) versus l/[SCX 6 ]o should provide a straight line.
Similarly, if we assume a 2:1 complex, then:
2 SCX6 + AuO = (SCX6)2 * AuO (4.5)
The overall equilibrium constant (Kj) is expressed as:
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[(5CX6), * AuO]
*2 = --------- =------ r -  (4.6)
[AuO][SCX6\2
with the assumptions [SCX6]o »  [(SCX6 )j *AuO]» [SCX6 *AuO], thus:
A -  Ao -  / y  [sar«5io ^  ~ Ao (4'7)
and a plot o f l/(A-Ao) versus 1/[SCX6]q2 should give a  straight line.
Use o f this approach allows us to graphically determine the stoichiometry o f the 
complexes used in our studies. Benesi-Hildebrand plots [42] (double-reciprocal plots 
based on equations 4.4 and 4.7) o f the fluorescence data are displayed in Figure 4.6 a & 
b. A linear relationship should be observed when l/(A-Ao) is plotted against 1/[SCX6] 
(Figure 4.6 a) and a convex curvative is obtained when l/(A-Ao) is plotted against 
l/[SCX6 ]o2 according to equation 4.7. The curvilinear nature o f the 2:1 plot suggests 
that the most appropriate stoichiometry for the SCX6 and AuO complex is 1:1. Similar 
methods were performed with SCX6-CsHn. The association constants estimated from 
Figure 4.5 and 4.6 are summarized in Table 4.1.
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Figure 4.6: a. Benesi-Hildebrand plot assuming a 1:1 stoichiometry between SCX6
and AuO.
b. Benesi-Hildebrand plot assuming a 2:1 stoichiometry between SCX6  
and AuO.
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Table 4.1. Formation Constants Calculated from Benesi-Hildebrand 1:1 Stoichiometry
Plot and from  Nonlinear Regression.
Formation Constants (IQ Double Reciprocal Nonlinear Regression
SCX6 /AuO 7.38X103 1.24x10*
SCX6 -Q H , ,/AuO 1.24x10* 1.53x10*
It is important to remember that the concentration o f the host should be twenty 
times higher than that o f the guest The values estimated from the double reciprocal 
plots are trustworthy only if the above assumption is valid. This question may be raised 
in regards to the fact that Benesi-Hildebrand plots tend to place more emphasis on lower 
concentration values than on higher values. In other words, the slope o f the straight line 
is more sensitive to the ordinate value o f the point having the smallest concentration 
However, the K values calculated from the Benesi-Hildebrand plots can be used as initial 
estimations for parameters in the nonlinear regression (NLR) analysis subroutine of the 
SAS/STAT program [43]. By use o f this program, in which a 1:1 complex is suggested 
by the Benesi-Hildebrand plots, the fluorescence data and the calixarene concentrations 
may be fit to the following equation:
, A0 + i4i Kx [SCX6\0
A = ----------------------------  (4 8)
1 + Kx [SCX6\0 K )
The calculated values from this non-linear program are summarized in Table 4.1. Since 
the host calixarene concentrations are in the same range as the guest molecule, the
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values obtained from the non-linear regression are used for discussion. It is noted that 
the association constants o f the complexes o f SCXti-CjH, ,/AuO and SCX6 /A11O are on 
the same order, although the fluorescence intensity o f AuO in the presence o f SCX6 - 
C5Hn is more enhanced than that ofSCX6 /AuO.
The magnitudes o f the binding constants are in the same range as the values 
reported by Shinkai, et al. for the system o f trimethylanilinium chloride and 1- 
adamantyhrimethyl ammonium chloride and sulfonated calix(6 )arenes determined by 
NMR [23-24]. It is reasonable to believe that the strengths o f the complexes between 
these two calixarenes and AuO are sanQar. It should also be noted for our data that AuO 
dye fluoresces much more strongly when included in the cavity o f SCX6 -C5Hn which 
possesses a more hydrophobic environment as well as a more restraining cavity than that 
ofSCX6 . It is therefore reasonable to conclude that such an enhancement is caused by 
the hydrophobic nature o f the cavity, as well as more increased restraint on AuO 
rotations, provided by SCXfi-QH,,.
Conclusion
The SCX6 and SCX6-CsHn which have hydrophobic cavities and hydrophilic 
groups provide the advantages o f cyclodextrins and micelles. Complexation between 
AuO and SCX6 or SCX6-C5Hn is responsible for the spectroscopic shifts o f the 
absorption spectra and the emission spectra. The complexes with AuO appear to 
suppress the rotation o f the diphenylanline groups o f AuO. However, restriction o f the 
rotation o f AuO seems not to be complete in SCX6 as compared with higher degree o f
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restraints intheSCX6-C5H1I. In addition, the hydrophobicities o f the calixarene cavities 
aid in the production o f more intense fluorescence o f AuO. The fluorescence intensities 
in the absence and presence o f calixarenes are employed to calculate formation constants 
o f the inclusion complexes. The stoichiometric ratio for both SCX6/AuO and SCX6- 
C5H U /AuO is 1:1. The formation constants o f these complexes are estimated to be 
1.24x10* M '1 and 1.53x10* M '1, respectively.
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Chapter 5
Part L Synthesis and Use of Water-soluble Chiral p-pentoxybulfoaated Chiral 
Calixarene in Separation of Chiral Drugs by Capillary Electrophoresis
Introduction
Studies o f water-soluble calixarenes have been a focus o f this dissertation and 
have received considerable attention in the literature [1] summarized in Chapter 1. The 
sulfonated calixarenes have drawn our attention, since they are highly soluble in aqueous 
solution. Specifically, the p-sulfonated calix(6)arenes provide not only a hydrophobic 
environment (benzene rings or alkyl chains), but also hydrophilic heads (S03 ) as shown 
in Figure 5.1. These calixarenes possess properties o f both cyclodextrins [2-5] and 
micelles [6-9], which have drawn enormous attention in the last two decades. Both 
cyclodextrins and micelles have been used to separate hydrophobic PAHs and drugs, 
including enantiomeric drugs. In addition, crown ethers [10] have also been used as 
additives to improve the separation and chiral resolution due to the formation of 
inclusion complexes like cyclodextrins. Since water-soluble sulfonated calixarenes, in 
a manner similar to cyclodextrins, may selectively include various guest molecules 
according to their size and hydrophobicity [11-12], calixarenes should also be very useful 
in separation science due to their inclusion capabilities. To date, water-soluble 
calixarenes have been used as additives to separate various phenol derivatives[13].
Chiral separation is very important [14-18] because enantiomers can exhibit 
distinct chemical behavior when subjected to a chiral environment. It has been reported
140




Figure 5.1. The cylinder shape ofp-pentoxylsutfonated cahx(6)arene.
that there are some differences in the biological activities o f the individual enantiomers. 
For example, R-propranolol is 40 times more potent than the S-form of propranolol hi 
capillary electrophoresis (CE), chiral separation is often achieved through the addition 
o f chiral selectors as mobile phase additives, in this section of the dissertation, we 
report the preliminary studies on the applications of p-pentoxylsulfonated calix(6)arene 
in chiral drug separations.




Separations were performed by use o f a Beckman (Fullerton, CA) P/ACE 
System 5510 capillary electrophoresis instrument, equipped with: (1) a 0>30kV high- 
voltage built-in power supply, (2) 200,214,254, and 280 nm selectable wavelengths 
for UV detection, and (3) System Gold software for system control and data handling. 
The temperature was controlled by use o f a fluoroorganic fluid provided by Beckman. 
Thefused-sflica capillaries, 57 cmx75 pm I. D. (SO cm to detector), were also obtained 
from Beckman. In all experiments, the operating temperature was set at 23 °C. The run 
voltage was +10 kV. Direct UV detection was performed at 280 nm  
M aterials
Synthesis of p-snlfonated-cnlix(6)arene* The synthesis o f /?-sulfonated 
calix(6)arene was reported in Chapter 2.
Synthesis of Chiral p-pentoxylsulfonated caKx(6)arene [19] (  Figure 5.2): 
In a three necked round bottom flask, 1.50 g o f sulfonated calixarene (6) and 1.25 g of 
NaOH were dissolved in 7.5 ml H^O. A 4.0 ml volume of bromo-methylbutane in 30.0 
ml DMSO was added. The mixture was stirred and heated to 50 °C. The reaction takes 
about two days to complete, which is much longer than the monomer reaction [I]. The 
precipitate (PPT) was isolated from the reaction by filtration. The PPT was washed with 
EtOH to obtain a crude product. The filtrate can be diluted with MeOH to generate a 
PPT which is also a erode product. The crude product can be recrystallized by 
use of a water-EtOH mixture to obtain a white powder. This method is similar to










Figure 5.2 Synthetic scheme o f chiral />-pentoxylsu]fonated calix(6)arene.
the method o f Shinkai e t al. Chemical analysis: C^H^O^SgNaig. 3 ^ 0 . Theoretical 
values (%) ate: C 49.65, H 5.67, S 11.04, Na 7.92 and experimental values are: C 49.40, 
H 5.59, S 10.90, Na 7.73.
The chiral compounds wore all purchased from Aldrich Chemical Company 
(Milwaukee, WI). Sodium acetate (NaAc, 100.3%), Sodium borate (N a^O y), and 
Boric acid (H3BO3) were obtained from Fisher Scientific Company (Fair Lawn, NJ). 
Acetic acid (99.7%) was purchased from EM Science (Gibbstown, NJ). Sodium 
phosphate monobasic (NazHPOJ and Sodium phosphate dibasic (NaHjPQ*) were 
purchased from Sigma Chemical Company (St. Louis, MO).
The preparation of the buffer
Four different buffers were employed in this study. Buffer I was composed of 
N a^O y, HjBO,, and 5.0 mM SCX6-*C5Hn, pH=8.3. Buffer n  contained Na2HP04
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and 5.0 mM SCX6-*C5HU pH=6.0. Buffer IH was composed ofNaAc, HAc, and 5.0 
mM SCXtS-^C^, pH=4.4. BufferIVcontained N%HPQ and 5.0mM  SCXtS-^QH,,, 
pH=2.75. AH buffer solutions were prepared using double ion-exchange, deionized 
water, and were then filtered through a 0.45 pm membrane syringe filter purchased 
from Nalgene Company (Rochester, New York).
Separation
The/r-pentoxylsulfonated calix(6)arene was used as a pseudo-stationary phase 
in capillary electrophoresis (CE) for chiral separations. The structures o f (R, S)> 
Propranolol and (R, S)-l-naphthylethyl isocyanate are shown in Figure 5.3. (R, S> 
Propranolol and (R, S)-1 -naphthylethyl isocyanate have been successfully baseline 
separated by addition o f the chiral caKxarene to the electrolyte buffer HI (Figure 5.4).




(R, S)-L-naphthyleihyI isocyanate 




Figure 5.4. Electropherogramof (±) propranolol obtained by use o f electrolyte 
buffer m. Pressure nyectkm was for 1 sec. Separation voltage was +10 
kV, current 6 pA. Direct UV detection at 280 nm.
Part 1L Synthesis and applications of Novel Chiral iV-acylcalix(4)arene
amino Acid Derivatives
Introduction
Calixarenes have defined cavities and host-guest complexation properties similar 
to cyclodextrins [10-11], However, unlike cyclodextrins, the common calixarenes do not 
have chiral recognition ability. To create derivatives that can be used as water-soluble 
enzyme mimics, and to catalyze enantioselective reactions, chiral cotters have been 
attached to  the rims of calixarenes [20-22]. For example, Shinkai et al. have recently 
reported the synthesis of a chiral calixarene bearing aliphatic chains [20] and amino add
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moieties [22] on the lower and upper rims, respectively. In addition, Bayard has 
modified the upper rim o f cahxarene by the introduction o f two chiral units o f 2- 
(methoxymethyl) pyrrolidine [21]. Molecular asymmetry can be generated not only by 
different chiral substituents but also by conformational isomerism [23].
Here, a novel synthesis and characterization o f chiral calixarenes with amino acid 
derivatives attached to the lower-rim o f /?-/ert-butylcalix(4)arsie are presented. The 
addition o f four amino acid derivative units transformed />-terf-butylcalix(4)arene into 
novel water-soluble Ar-acylcalix(4)arene amino acid derivatives. In addition, the new 
chiral water-sokible calix(4)arenes have been used in the resolution of racemic (±)1,1'- 
binaphthyl derivative, using capillary electrophoresis (CE).
Experimental Section
Materials and fh^mipili
The />-ter*-butylcalix(4)arene was synthesized as described in Chapter 2 [19-20], 
Solvents including (THF) tetrahydrofuran, DMF (dimethylformamide), DCM 
(dichloromethane), TFA (trifluoroacetic add), HPLC grade ACN (acetonitrile), and 
phosphoric add were purchased from MaOinckrodt Chemicals (Chesterfield, MO). 
Chemicals including DCC (dicyclohexylcarbodiimide), N-hydroxysuccinimide, Sodium 
hydride (60%, NaH), L-alanine a d d  L-alanine t-butylester, (±) 1, l'-Bi-2-naphthol 
(BINOL) (99%), R -(+)-l,l,-Bi-2-naphthyl-2,2,-diamine(BNA) (99%), S-(-)-l,l'-Bi-2- 
naphthyl-2^,-diamine (99%), (±)-1,1 ,-binaphthyl-2,2l-diyl hydrogen phosphate (BNHP) 
(99%) were purchased from Aldrich (Milwaukee, WI). HATU(0-(7-azabenzotriazol-1-
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yl)-l,l,3,3-tetramethyl uranium hexafluorophosphate was purchased from PerSeptive 
Biosystems (Framingham, MA).
Apparatus
Proton NMR spectra were obtained from a 200 MHz NMR (Brucker). UV 
absorption spectra were recorded on a Shimadzu UV-3101PC scanning 
spectrophotometer. CE experiments w oe carried out using an automated Capillary 
Electrophoresis (Hewlett Packard).
HPLC Separations were performed using a HPLC system equipped with a Bio- 
Rad AS-100T automatic sampler, a Bio-Rad model 2700 solvent delivery system, a Bio- 
Rad Bio-SO ODS -5S column (250 nm by 4 mm), and a Bio-Rad Bio-Dimension UV/Vis 
detector. The mobile phase was sonicated for five minutes, then filtered using 0.45 pm 
membrane filters (purchased from CHeman Sdence). A 50 ppm of sample quantity was 
dissolved in 100% ACN, with 20 pi sample volumes injected. The flow rate was 
maintained at 1.0 ml/min. All injections were repeated three times to insure 
reproducibility. Elution was monitored at a wavelength o f 274 nm (0.01 AU). AH 
analyses were conducted at room temperature (25°C).
Synthesis procedures
The overall purpose of this work was to synthesize />-/erf-butylcalix(4)arenes 
bearing chiral amino add groups. The synthetic route is shown in Figure 5.5.
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n-tert-hotvif«K»M^wrf4) tetracarboivlic ester T24-271
A 3.24 g quantity o f calix(4)arene (II) (5 mmol) was suspended in a 100 ml dry 
diethytformamide (DMF) solution under nitrogen. A  0.48 g amount o f NaH (20 mmol) 
and 3 ml o f ethyl bromoacetate (25 mmol) were added to the mixture in order. The 
mixture was then stirred at 80 °C. After 2 hours, the reaction mixture was cooled to 
room temperature and treated with a second portion o f 0.48 g NaH (20 mmol). More 
ethyl bromoacetate (3 ml, 25 mmol) was added. The mixture was then stirred again at 
80 °C for an additional 2 hours. This operation was repeated until total alkylation o f the 
phenolic groups was achieved.
The detection o f the phenolic groups is achieved by use of UV spectroscopy. It 
is known that the phenols ($» OH) deprotonate in a basic solution to form phenolate ($ - 
O'), whose absorption spectrum is red shifted from a maximum o f280 nm to 310 nm 
[27-28]. Therefore; /vterr-butylcaKx(4)arene bearing phenol groups in the presence of 
strong base (NaH) should possess a high absorption band around 310 nm, whereas the 
calix(4)arene ester (HI) will not absorb at ~ 3 10 nm. In other words, a peak at ~  310 
nm should be observed for the reaction mixture before the reaction proceeds, and the 
very same peak should disappear for the completed reaction mixture. Therefore, this 
alkylation reaction o f phenols was monitored by UV-visible spectrophotometry (Figure 
5.6).
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Figure 5.5 The synthetic scheme of the water-soluble aminocalixarenes
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Figure 5.6. UV absorption spectra o f partially and completely reacted calix(4)arene 
ester (m )
n-tert-hntvlcaliifflareee tctracarboxvtk add (IV)
The/>-ferf-butylcaln(4)arene tetracaiboxylic add (IV) was obtained by hydrolysis 
of the ester (HI) with Me4NOH (10 %) in THF using a method similar to that described 
by Chang and Cho [27]. A 10.0 g amount of ester (HI) (10 mmol) in THF (500 ml) was 
mixed with 250 ml of 25 % aqueous tetramethyl ammonium hydroxide. This mixture 
was continuously stirred and refluxed for 24 hours. After cooling, the reaction mixture 
was acidified with concentrated HC1 and stirred overnight. The resulting precipitate was
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filtered off washed thoroughly with water and dried under vacuum The compound was 
recrystallized with ethmol/water to give a white crystalline pure product. The yield was 
85 %. *H NMR (200MHz, CDC1,) 61.09 (s, 36 H, ArCMfej), 3.24 (d, 4H, 
ArCffjArX 4.80(s, broad peak, 8H, C ^C Q ), 4.80 (s, 4H, broad peak, ArCtf2Ar), 6.91 
(s, broad peak, 8H, AxH).
N -h y d ro iw tdaim iH t eater m
The calix(4)arene add (IV) (1.0 mmol) was added to a solution of N- 
hydroxysuccinimide (4 mmol) in dry ethyl acetate [29]. A solution o f dicyclohexyi 
carbodiimide (4 mmol) in dry ethyl acetate was added and left overnight at room 
temperature under anhydrous conditions. The resulting precipitate was filtered and the 
filtrate was concentrated in vacuo to give a white product, N-hydroxysuccinimide 
calixarene ester (V), in quantitative yield o f 68 % (V). lH NMR (200MHz, CDC13) 
51.09 (s, 36 H, ArCA/e,), 2.8(s, 16H), 3.24 (d, 4H, ArCffjAr), 4.76(d, 4H, ArCfljAr),
5.16 (s, 8H, CHCO), 6.79(s, 8H, AxH); FAB-MS (M+Na+):1291. Chemical Analysis: 
(CsgHgoN^Ojo) Experimental (%): C 63.88, H  6.28, N 4.24; Theoretical (%): C 64.12, 
H 6.34, N 4.40.
TV-arvlfK r f t W a t  amino a d d  derivative fV m  ffrom V to v m
It is proposed that the ester (V) reacts with an amino acid to  form the 
corresponding Ar-acylcahx(4)araie amino add derivative(VTI) [29]. This reaction was
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successful using the micelles [8]. A similar procedure was applied to calix(4)arene 
carboxylic acid.
The calixarene add (IV) was suspended in dry dichloromethane in a flask 
equipped with a drying tube containing anhydrous calcium sulphate (CaSOJ. A solution 
of L-alanine t-butyl add (4 mmol) and diisopropylethylamine (4 mmol) in dry 
didiloromethane was added, and the mixture was stirred at room temperature for 24 hrs. 
After addition of water, the product was extracted with dichloromethane. The combined 
organic extracts were washed with water and dried. The dichloromethane solution was 
evaporated to give a white product which was thought to be (VII).
The characterization of this product has been thoroughly conducted. The lH 
NMR (200 MHz, CDClj) spectrum contained broad peaks and the circular dichroism 
spectrum confirmed the chirality o f the product. Furthermore, the theoretical molecular 
weight of 1164 AMU was observed by FAB-MS (M+Na+) to be 1411; however, other 
mass units suggested the presence of one, two, and three amino adds. It is understood 
that fragmentation could be produced by the mass spectrometer during the operation. 
In other words, the mass units with one, two, and three amino add groups o f the 
cahx(4)arene may have been caused by the fragmentation. Therefore, elemental analysis 
was employed to further characterize the product. The chemical analysis results 
(C^HmN ^ s) are shown in Table 5.1.
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Table 5.1. Elemental results for N-acylcalix(4)arene L-alanine (C ^H g^O u)
C H N
Theoretical (%) 65.95 7.27 4.81
Experimental (%) 71.12 7.42 1.64
The results o f the elemental analysis suggested that the product was not the fully 
substituted chiral calixarene that we desired. Since a large 0 value for the product was 
obtained, it was worthwhile to separate the product. Reversed phase high performance 
liquid chromatography (RP-HPLC) is a technique that provides the ability to separate 
high molecular weight compounds based on their different affinities for the stationary 
phase, which is suitable for calixarenes. Separation of the amino acid substituted 
calixarene was successfully achieved using a mixture of water and acetonitrile (ACN) 
with phosphoric add. The optimum condition o f a solvent mixture for the best 
separation is that which includes 65 % : 35 % o f ACN: water with 0.1 % o f phosphoric 
add to suppress the ionization o f carboxyhc add of the amino calix(4)arene. In the 
absence o f phosphoric add, the peaks co-duted and had longer elution time with poor 
peak shapes. The addition of phosphoric add resulted in a better separation of the 
calixarenes. A chromatogram is shown in Figure 5.7.
The peak identification was accomplished by spiking the pure samples or by 
calculation and assumption. Peak 1 was determined to be due to solvent elution. Peaks 
2 and 7 were identified as calixarenes (IV) and (V), respectively. Peaks 3 -6 were
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Figure 5.7. A chromatogram of the reaction mixture. Peak 1: solvent; 2: calixarene(V); 
Peak 3: calixarene (IV- with four amino groups ); Peak 4: calixarene (IV - with three 
amino groups); Peak 5: calixarene (IV - with two amino group); Peak 6: calixarene (IV - 
with one amino group); Peak 7: Calixarene (IV).
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assigned to be calixarenes with four, three, two, and one amino add groups, respectively. 
This assignment is due to the low nitrogen content obtained from the chemical analysis 
(1.64%), compared to the theoretical value o f 4.7 %. Theoretically, this assignment of 
peaks 3-6 would produce nitrogen content o f 1.60 % based on the areas. The opposite 
assignment for those peaks would produce a theoretical value for nitrogen of 2.75 %. 
Furthermore, this assumption was proven to be true when the synthesized four amino 
acid derivative was used as a sample. Peak 3 was identified to be the full substituted 
derivative we desired. It was certain that there was no sign of calixarene add (IV) in 
the starting material. However, after the experiment proceeded, the reaction mixture 
contained calixarene add (IV), which was the starting material o f the ester (V), 
indicating that the reaction reversed and the ester (V) was altered to form (IV) for some 
reason. Therefore, L-alanine t-butyl ester replaced L-alanine add to protect COOH 
groups.
«ninn ester derivative (VP
Since the uncompleted reaction mixture was obtained from V to VII, the 
synthetic route was subjected to modification. In one o f the new schemes, amino-ester 
derivatives were used instead of amino adds in order to prevent the side reactions caused 
by COOH
The calixarene ester (V) was suspended in dry dichloromethane in a flask 
equipped with a drying tube containing anhydrous calcium sulphate. A solution of Lr 
alanine t-butyl ester (4 mmol) and diisopropylethylamine (4 mmol) in dry
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dichloromethane was added, and the mixture was stirred at room temperature for 24 hrs. 
After addition o f water, the product was extracted with diddoromethane. The combined 
organic extracts were washed with water and dried. The dichloromethane solution was 
evaporated to give a white product (crystalline ) which corresponded to pure compound 
(VI). JH NMR (200 MHz, CDC1,) 6 1.08 (36 H, ArCMe3), 1.33 (s, 36 H, COJCMeJ,
1.52 (d, 12 H, CHCff3), 3.13 (d, 4H, ArCfl^Ar), 4.02 (m, 4H, CHCOJ, 4.6 (s, 8H, 
CH2CON), 4.8 (d, 4H, Ai CH^Ai ), 6.84 (s, 8H AxH); FAB-MS (M+Na+): 1411. 
Chemical Analysis: (C„Hii6N4Oi6) Experimental (%): C 69.28, H 8.39, N 4.13; 
Theoretical (%): C 69.12, H 8.42, N  4.03. The chiral iV-acylcalix(4)arene amino acid 
ester was identified as in a cone conformation by use of NMR spectroscopy, which 
provided the cavity-shaped architecture [30], as shown in Figure 5.8.
In another new scheme [31], the synthetic pathway was shortened by employing 
HATU (0-(7-azabenzotriazoH-yl)-i,l,3,3-tetramethyl uranium hexafhiorophosphate) 
to react with calix(4)arene acid (IV), which avoided the production o f ester (V). This 
reaction was well controlled and productive.
To a 22 mlDMF solution containing 0.5 mmole of calixarene acid (IV), 2 mmol 
o f L-alanine-t-butyl ester.HCl, and 4.4 mmol ofN,N-diisopropylethylamine, 2.2 mmol 
of HATU was added. The mixture was stirred at 0°C during the first hour and at room 
temperature for the next four hours. The reaction was quenched, and the water was 
added to generate a white precipitate. The PPT was filtered of£ washed thoroughly




Figure 5.8. Cone conformation o f Ar-acylcalix(4)araie amino ester.
with water, and dried. The yield was greater than 86%. 1H NMR (200 Mhz, CDC1,) 
6 1.08 (36 H, AiCA/e3), 1.33 (s, 36 H, CO^CA/e,), 1.52 (d, 12 H, CHCfl,), 3.13 (d, 4H, 
ArCfljAr), 4.02 (m, 4H, CHCOJ, 4.6 (s, 8H, Cff2CON), 4.8 (d, 4H, ArCfljAr), 6.84 
(s, 8H AtH); FAB-MS (M+Na+): 1411. Chemical Analysis (CgoHU6N4Oi6), N- 
acyicaKx(4)arene amino Lralanine (CX-L-ALA), Experimental (%): C 69.15, H 8.38, N 
4.08; Theoretical (%): C 69.12, H 8.42, N 4.03.
By using the same method, L-valine-t-butyl-calixarene ester was synthesized. lH 
NMR (200 MHz, CDC13) 6 0.96 (d, 24 H, CHCHA/e,), 1.06 (s, 36 H, ArCA/e3), 1.33 
(s, 36 H, COjCA/e,), 2.14 (t, 12 H, CHCHA/e,), 3.17 (d, 4H, ArCffjAr), 4.49 (m, 4H,
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CflCOJ, 4.62 (s, 8H, Cff2CON), 4.81 (d, 4H, AiCffjAr), 6.72 (s, 8H Arff); FAB-MS 
(M+Na*): 1523. Chemical Analysis (C^HusN iOmX N-acylcalix(4)arene ammo L-valine 
(CX-L-VALX Experimental (%X C 70.33, H  8.89, N 3.80; Theoretical (%):C 70.37, H 
8.86, N3.73.
TV-arvlraliTAnarM  ̂mminn add derivative (V1D ffrom VI to VM
The hydrolysis of the chiral cahx(4)arene esters (CX-L-ALA and CX-L-VAL) 
to the chiral ammocalix(4)arene acids (VII) by use o f trifhioroacetic acid (TFA) and 
dichloromethane was performed at room temperature. Four carboxylic groups can be 
converted to the salt forms without any difficulty. The chiral calixarenes (VII) are water- 
soluble at pH >7.0 at concentrations up to 15 mM.
Chiral Separation
The ammocahxarenes (CX-L-ALA or CX-L-VAL) were used as additives to the 
buffers to  achieve chiral recognition and enantiomeric resolution o f three binaphthyl 
derivatives. The structures o f these compounds are shown in Figure 5.9. It is worth 
mentioning that BNHP(1), BINOL(2), and BNA (3) are atropisomeric compounds 
whose chirality is due to an asymmetrical plane, instead o f an asymmetrical carbon 
center. By use o f CX-L-ALA in the CE buffer, baseline resolution was achieved for 
(±) 1,1 '-Bi-2-naphthol (BINOL) and (±)-l,l'-Bi-2-naphthyl-2,2,-diamine (BNA), but not 
for (±)-l, 1' -binaphthyW^-diyl hydrogen phosphate (BNHP), as shown in Figure 5.10.
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R, S - l , l ’-Bi-2-naphthol r , S-U '-B inaphthyl^ '-diyl
Hydrogen phosphate
R, S - l,l'-Bi'2-naphthyIdiamine
Figure 5.9. Chemical structures of the binaphthyl derivatives.
In contrast, chiral separations of BNHP, BINOL, and BNA were successfully 
achieved in a single run by use of CX-L-VAL as a chiral selector, as shown in Figure 
5.11. The position of each enantknner was identified by spiking. It is concluded that the 
(+) enantiomer elutes first and therdore the chiral calixarene has a higher affinity for the 
(-) form of these molecules.
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Figure 5.10. Electropherograms of the separation of a racemic mixture of BlNOL(l), BNHP(2), and 
BNA(3) in buffers at different pHs with 10 mM of CX-L-ALA; conditions: 40 mM phosphate 
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Figure 5.11. Electropherograms of a racemic mixture o f BNHP(1), BINOL (2), and 
BNA(3), using 10 mM of CX-L-VAL. Conditions are the same as those in 
Figure 5.10.
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Chapter 6.
Separation of Lanthanides And Quantification of Hydronium Ion 
by Capillary Zone Electrophoresis
Introduction
The detection and quantification o f individual lanthanides are important for 
environmental considerations since rare earth metals are widely used in metallurgy, 
electronics, ceramics, and optics [1]. Both cation [2-3] and anion [4-5] exchange HPLC 
methods have been employed for the separation and detection of lanthanides. Capillary 
electrophoresis (CE), with its high separation efficiency and ease of operation, has been 
reported for the separation and analyses o f lanthanides [6-11]. Lanthanide separations 
in CE usually require the addition of anionic complexing agents in the electrolyte. This 
is mainly due to the similarity o f the electrophoretic mobilities o f the lanthanides that 
typically range from 72 to 67 x 10*s cmVV-s across the period from La *  to  L u3+ [6]. 
Various complexing reagents, such as a-hydroxyisobutyric acid (HIBA) [6,11] and 
lactate [7-8] have been added to the buffer in order to improve the separation of 
lanthanides. Since the majority o f the lanthanides lacks suitably efficient absorption 
bands, indirect UV detection has been mainly used [6 -11]
It should be noted that the rare earth metal ions (in particular chloride salts) 
usually require the addition of nitric acid, not only to promote dissolution but also to 
decrease possible precipitation o f the lanthanide cations in aqueous solution ( La3* + 
6 H20  = La(OH)j (s) +3 H,0*) [12]. The lanthanide standards typically used are either
164
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metal salts o f nitrates [8 ], oxides [6-8], or the metal ion solution in 1 % HN03 [9-10]. 
The study reported here reveals that the resolution and selectivity o f lanthanides and 
hydronium ion are significantly reduced by injection o f an acidic sample when HIBA 
is the only component. For these reasons, an alternative compound, sodium acetate, 
is used as a modifier.
The ions o f interest for pH are hydroxide, deuterium and hydronium [13]. The 
CE method with indirect UV detection has been used previously [14-15] for the 
separation and detection o f hydroxide ion. Although Barger, et al. reported observing 
"the acid peak (IT)" [16], the detection o f the hydronium ion (H30*) has not been 
thoroughly studied. In this manuscript, the effects o f acetate concentrations on the 




Separations were performed by use o f a Beckman (Fullerton, CA) P/ACE 
System 5510 capillary electrophoresis instrument, equipped with: 1) a 0-30 kV high- 
voltage built-in power supply, 2) 200,214,254, and 280 nm selectable wavelengths for 
UV detection, and 3) software System Gold for system control and data handling- The 
temperature was controlled by use o f a fluoroorganic fluid provided by Beckman. The 
fused-silka capillaries 57 cm x 75 pm I. D. (50 cm to detector) were also obtained from
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Beckman. In all experiments, the operating temperature was set at 23 °C. The run 
voltage was + 20or + 30kV. Indirect UV detection was performed at 214 nm. 
M aterials
UV-CAT-1, a proprietary UV absorption reagent was purchased from Waters 
Chromatography Division (Milford, MA). The compounds a-hydroxybutyric acid 
(HIBA 99 %), creatinine (98 %), LaClj (99.9%), CeClj (99.9 %), PrCl3 (99.9 %), 
SmClj (99.99 %), TbCl, (99.99%), EuClj (99.99 %) and TmCNOj^ (99.9 %) were all 
purchased from Aldrich Chemical Company (Milwaukee, WI). Sodium acetate 
(100.3%) was obtained from Fisher Scientific Company (Fair Lawn, NJ). Acetic acid 
(99.7%) was purchased from EM Science (Gibbstown, NJ). The other metal standards 
were purchased as nitrate salts (1000 ppm in 1 % HN03) directly from Sigma Chemical 
Company (St Louis, MO). The HC104 (70 %) was purchased from Curffin Matheson 
Scientific, Inc. (Houston, Texas).
Preparation of electrolyte and analvtes
Buffer I, composed o f 6.5 mM HIBA and 5 mM UV CAT-1, pH=4.4, was 
prepared by dissolving 68 mg o f HIBA and 64 pi o f UV CAT-1 reagents in 100 mL 
double distilled water. Buffer II contained 4.25 mM HIBA and 10 mM UV CAT-1. 
The pH was adjusted to 4.4 by use o f acetic acid. Buffer m  was composed o f 5.60 mM 
HIBA 4.29 mM UV CAT-1 with varying concentration o f sodium acetate (NaAc) ( 0.0 
mM - 12.0 mM). The pH o f the system was adjusted to 4.4 by use o f acetic acid.
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Buffer IV contained the same electrolyte composition as buffer HI except for the use of 
sodium chloride (NaCI), rather than NaAc. Buffer V  and VI were made of 4.7 mM 
HIBA and 3.7 mM UV creadnne, and adjusting the pH to 2.8 and 4.4 by use of 0.2 N 
HQ, respectively. Buffer VII composed o f 4.7 mM HIBA and 3.7 mM creatinine with 
varying concentration o f NaAc (0.0 mM, 4.0 mM, and 8.0 mM), and adjusting the pH 
to 4.4 by use o f 0.2 N HCL Buffer VTH contained 4.7 mM HIBA with various molar 
concentrations o f creatinine ( 2.0 mM - 10.0 mM), and adjusting the pH to 2.8 by use 
o f 0.2 N HQ.
The stock solutions o f the lanthanide standards were prepared in 1 % HN03 as 
1000 ppm and then diluted to 5 ppm. All buffer solutions and metal ion standards were 
prepared using double ion-exchange, deionized water, and then filtered through a 0.45 
pm membrane syringe filter purchased from Nale Company (Rochester, New York). 
Results and discussion
Hydronium (H.O+) peak in Lanthanide Mixture
Figure 6 .1 shows an electropherogram for a mixture o f 14 lanthanides using 
Buffer I. Although buffer I is a recommended electrolyte for alkali, alkaline earths, and 
some transition metals [17], its use for the separation o f lanthanides (when dissolved in 
1 % HNO3 solution) is limited. As noted, buffer I can only separate the fester eluting 
lanthanides (peaks 1-9), whereas the slower eluting rare earths (peaks 10- 14) overlap 
with a large triangular shape peak (peak 15). Note that the area of the triangular
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Figure 6 .1. Electropherogram o f a 5 ppm lanthanide standard mixture obtained by use 
of electrolyte buffer I (6.5 mM HIBA, 5 mM UV CAT-1, pH=4.4). Pressure injection 
was for 5 sec. Separation voltage was +20 kV, current 6  pA. Indirect UV detection at 
214 ran. Peak identification: 1. La3*; 2. Ce3*; 3. Pr3*; 4. Nd3*; 5. Sm3*; 6 . Eu3+; 7. Gd3+;
8 . Tb3*; 9. Dy3*; 9. Dy3*; 10. Ho3*; 11. Er3*; 12. Tm3+: 13. Yb3*; 14. Lu3*; 15. H30*; 16. 
Electroosmotic flow (EOF).
peak is much larger than that o f the metal ion peaks. Therefore, this peak is not likely 
due to an impurity. One could simply claim that this is a system peak. Over the years, 
researchers have efficiently studied system peaks in HPLC with indirect detection [18- 
20]. The HPLC system peaks have been shown to be generated by the sample
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concentration, the injected volume o f sample, the nature o f the sample ion, the sample 
pH, and the eluent pH as well as its concentration [21]. One normally labels the 
systematic appearing peaks during separations as systems peaks before undertaking 
comprehensive studies. In reality, system peaks which show up can often be identified 
and studied. Although the mechanism o f appearance o f system peaks is clear in HPLC, 
its appearance inCE is still under investigation [22].
We believe that peak IS is due to the H3C)+ ion since all metal standards were 
dissolved in I % HNO3 solution to prevent hydrolysis o f lanthanides. The H3CT 
concentration in the lanthanide mixture was calculated to be about 12 mM, whereas the 
average concentration of metals was about 0.034 mM. The electropherogram in Figure 
1 also exhibits a rectangular peak (peak 16) appearing at 9.5 min. This peak which 
corresponds to elution o f the neutral water molecules has been used previously as an 
electroosmotic flow marker in indirect UV detection [23],
Effects of Injection Sizes on the Separation of Lanthanides from H,(T ion
The injection volume o f the lanthanide mixtures was found to exert a large 
influence on their resolution from the H30 + peak. Figure 6.2 a-c shows the influence of 
different injection volumes on the migration time and resolution o f the peaks. As 
expected from capillary zone electrophoresis separations, decreasing the injection size 
increases resolution at the expense o f longer migration time. Resolution o f 11 out of 14 
lanthanides was possible only at the lowest limit of injection size ( 1  second for this
















4.0 4.0 0.2 0.4 7.0
TtaaORin)
Figure 6.2. Electropherograms showing the influence of injection size on the separation 
o f lanthanides. Pressure injection at (a)10 sec; (b) S sec; (c) 1 sec. Peak identification 
and other conditions are as noted in Figure 6 .1.





0 , 1 1  '  1 t  *  *  1 0  7  I  0  10 11
- 0.10 ---------------------------- 1------------------------------1----------------------------- L-
4.0 4.0 U  1.1 1.4 7.0
TtoMfmln)
Figure 6.2. Con’d.
particular instrument). However, three metal peaks (Tm3*, Yb3*, Lu3̂ ) still co-eluted 
with the H30* peak. This is because the higher injection volume contains higher 
concentrations o f HN03 resulting in an increasing overlap of the H3CT peak with the 
metal ion peaks.
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Effects of Acetate Concentrations on the Separation of lanthanides from H ,(T 
To improve the separation of the lanthanides, the pH o f buffer n  (containing 10 
mM UV CAT-1 and 4.25 mM HIBA) was adjusted with 1 % acetic acid to a pH o f 4.4. 
As illustrated in Figure 6.3, acetate has a significant effect on the resolution of 
lanthanides from H3CT, resulting in complete baseline separation of all metal ions. The
Figure 6.3. Electropherogram in the presence of HAc for a S ppm lanthanides standard 
mixture using buffer II (4.25 mM HIBA, 10 mM UV CAT-1, pH adjusted to 4.4 by use 
o f 0.1 M HAc). Pressure injection for 5 sec. Separation voltage 20 kV. Peak 
identification and other conditions are as noted in Figure 6.1.
10
HiMOnln)
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order o f migration o f lanthanides was similar to that reported previously [6,11]. If the 
charge-to-mass ratio was the sole consideration for this migration, the H3CT should elute 
earlier than any o f the metal ions. We hypothesize that the association / dissociation 
equilibria o f H3CT with HIBA' and Ac ions (generated from the buffer) causes this 
migration delay for H3CT, resulting in better separation o f this ion from the lanthanides. 
Comparing Figure 6.3 to Figure 6.1, it should also be noted that using the same injection 
time of 5 sec, only 9 metal ions could be resolved from H3CT in the absence of acetic 
acid.
To test the above assumption, buffer in (containing 5.60 HIBA 4.29 mM UV 
CAT-1 with varying concentrations ofNaAc) was used to study the migration behavior 
o f lanthanides and H30 +. The electropherograms generated in Figures 6.4 a-c 
demonstrate that the higher the concentrations o f NaAc, the greater the increase in 
migration time for the metals and H3CT. Note that this effect o f increasing migration is 
more significant for H30 +. As mentioned before, this is primarily due to the association 
of H3CT with Ac', resulting in the formation o f acetic acid (HAc), consequently 
decreasing the mobility ofH 30 +.
To demonstrate that this enhancement in the resolution oflanthanides from H30 + 
with the addition ofNaAc to the buffer is due to dissociation /  association equilibria 
between H30 + and Ac , and not a stacking mechanism, varying amounts o f NaCl 
(a salt of a strong acid and strong base) were added to buffer II. It is apparent in
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Figure 6.4. Electropherograms illustrating the effects of various concentrations ofNaAc 
on the separation o f 5 ppm lanthanide standard mixture. Buffer III ( 5.60 mM HIBA, 
4.29 mM UV CAT-1, pH 4.4) at various NaAc concentrations o f (a) 0.0 mM; (b) 4.0 
mM; (c) 8.0 mM. Peak identification and other conditions are as noted in Figure 6.1.













Figure 6.5 a-c that increasing the concentration o f NaCl decreases the EOF. However, 
the resolution o f the slower migrating metal ions (peak 10-14) from the H30* peak was 
not improved. In fact, an extra peak (probably due to Na+) appears early in the 
electropherograms, which obscures the fester eluting lanthanides (peaks 1-5).


















Figure 6.5. Electropherograms ilhistrating the effects o f various concentration ofNaCl 
on the separation o f 5 ppm lanthanide standard mixture. Buffer IV (5.60 mM HIBA, 
4.29 mM UV CAT-1, pH 4.4) at various NaCl concentrations (a) 0.0 mM; (b) 4.0 mM; 
(c) 8.0 mM. Peak identification and other conditions are as noted in Figure 6.1.











Effects of Sample p H  on the H.CT Peak
To further examine the properties o f peak 15, the effect ofsample pH on the 
area of this triangular peak was studied. Figure 6.6 a illustrates the effect o f injecting 
35 ppm of Tm^ in 6 mM HNOj and in HjO. The peak area of Tnf+ is the same in both 
runs, but a larger triangular peak was observed for the sample dissolved in HNO3.
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Figure 6.6. Electropherograms o f (a), a 35 ppm Tm3+ dissolved in water and 6 mM 
HN03; (b). 6 mM HN03 and neutralized 6 mM HN03 by addition of 0.1 M NaOH. 
Buffer conditions are as noted in Figure 6.1.
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Furthermore, when aqueous HNOj solution was injected (Figure 6.6 b), the same 
triangular peak appeared at a slightly shorter migration time o f 7.1 min with a tendency 
toward decreasing in peak height when neutralized with NaOH. Replacing HNO, with 
HC104 gave similar results. These results suggest that the triangular peak is indeed due 
to H3CT. However, the peak does not appear at the location that one would predict for 
H3CT ion. The explanation o f this observation is given in the following text.
The effects of buffer concentrations on H.O+
The effects o f buffer concentrations (pH=4.4) on H30 + peak have also been 
studied. The concentrations o f CAT-1 range from 2.0 mM to 5.0 mM and HIBA from 
2.7 mMto 6.8 mM (pH=4.4). Although the elution time o f H30 + increases as the CAT-1 
and HIBA concentrations increase due to the slower EOF, the peak area o f H30 +, 
however, does not depend on the concentrations ofCAT-1 or HIBA. This suggests that 
the generation o f H3CT peak is not due to the contribution from the running buffer 
components (CAT-1 and HIBA).
Use of creatinine as absorbance reagent to detect and Quantified H,(T
Since CAT-1 is a  proprietary reagent, the exact chemical compositions are 
unknown. It is appropriate to use it to separate lanthanides with known conditions of 
buffers containing CAT-1. However, it is not acceptable to study a chemical equilibrium 
with an unknown electrolyte component. Therefore, creatinine was used to replace the 
absorbance reagent CAT-1. The studies focused on H3CT. There were no lanthanides 
in the samples used in the following studies.
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The Effects of buffer p H  on the H.O* peak To explain the delayed appearance 
o f H30 \  creatinine buffers with different pHs were used to study the behavior of the 











Figure 6.7. Electropherograms showing the effect o f the electrolyte pH on H3CT peak 
by use o f buffer V and VI (4.7 mMHIBA and 3.7 mM creatinine, adjusted the pH by 
use of 0.2 M HCl). Pressure injection at 5 second. Sample was 11.7 mM HCK)4 (a) 
pH=2.8; (b) pH= 4.4. Other conditions are as noted in Figure 6.1.
respectively. The peak around 2.0 min (# I) in Figure 6.7 a (pH=2.8) is fronting, 
which can be reasonably assigned as the H30 + because o f its high mobility [16]. Upon 
increasing the pH to 4.4, the H30 + peak (#2) migrates slower about 6.0 min (Figure
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6.7b). As is widely known, the EOF increases as pH increases. However, the H3CT peak 
migrates slower at a pH o f 4.4 than at a  pH o f 2.8. hi order to explain these 
phenomena, some other factors should be considered. Acid-base equilibrium was 
discussed by Foret, etal. [24 ] regarding the migration delay o f A’ o f a weak acid (HA) 
in capillary electrophoresis. In our case, the H30 + can be delayed by HIBA or Ac'in the 
buffer due to the acid-base equilibria.
During the separation, the capillary is filled with an electrolyte solution which 
contains HIBA. As a weak acid, HIBA (pK, at 3.7), undergoes the following dynamic 
acid-base equilibrium
CH3CH2CH(OH)COOH (HIBA) + H20  ** CH3CH2CH(OH)COO' (HIBA') + H30 +
at pH=2.8 about 88 % [HIBA]
12 % [HIBA'] 
at pH= 4.4 about 17% [HIBA]
83 % [HIBA']
At pH=2.8, almost 90%  of HIBA in the electrolyte is protonated. The concentration 
o f [HIBA]' is low, thus, a large fraction of the H3CT ions in the sample freely migrates 
through the capillary without participation in this equilibrium. Therefore, the high 
mobility o f H3C>* elutes early and is fronting. In contrast, H30 + migrates slower
regardless o f the higher EOF at a pH o f 4.4. At this pH, most o f the HIBA in the
electrolyte is disassociated into HIBA' and H30 +. In this case, the concentration of
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[HIBA]' in the buffer is higher than at a pH o f 2.8. After injection o f HCK>4 into the 
capillary, the microenvironment  o f the sanyle zone in the capillary is very acidic, which 
shifts the acid-base equilibrium to form HIBA. However, the total H30 + concentration 
does not change appreciably. Consequently, the buffer cannot consume this large H3CT 
concentration. This micro- equilibrium exists throughout the entire capillary as H3CT 
migrates, resulting in a delay o f H30 + elution.
The effect of acetate concentration on the migration behavior o f  H.O+ As is 
shown in Figure 6.3, the addition o f acetate results in the separation o f lanthanides from 
H3CT in CAT-1 buffer. Similar studies were conducted by use o f creatinine (buffer VTI) 
as an absorbance reagent The electropherograms revealed that higher Ac' concentration 
elongates the elution time of H30 + (electropherograms not shown). As discussed in an 
earlier paragraph, Ac* is part o f the electrolyte which further delays elution ofH 30 + due
to acid-base equilibrium (H30 + + Ac' ^  HAc + H20 , pK, = 4.8).
Quantification of H,Q* Hydroxyl ion was reported to be quantified by Salomon 
[15]. Here, we report the quantification o f H30 +by use of creatinine buffer at pH 2.8. 
Figure 6.8 is a plot o f background absorbance intensity as a function o f creatinine 
concentrations. It can be seen that the absorption o f the creatinine buffer inside the 
fused-silica capillary is linear up to approximately 0.18 AU (0.0 mM to 8.0 mM). 
Therefore, a creatinine concentration of 8.0 mM was used to obtain a calibration curve 
for H30 +.
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Figure 6.8. Calibration curve of creatinine as buffer (at pH 2.8). R=0.999. Buffer VTII 
was used.
Figure 6.9 is the calibration curve ofH 3CT in a creatinine buffer of 8.0 mM. A linear 
dependence o f the peak areas on the amount injected with a range o f 0.03 - 0.70 
nanomoles for the H3CT is evident. At a concentration higher than 0.70 nanomoles, the 
HjCF peak was unsymmetrical with severe fronting. As a result, the calibration curve 
for the H30 + peak plateaus out. The limit o f quantification is about 0.03 nanomoles.
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Figure 6.9. Calibration curve o f H30 +. The insert figure is the linear plot (R=0.996). 
Buffer VIII with 8.0 mM creatinine was used. Pressure injection at S second. 30 kV. 
Other conditions are as noted in Figure 6.1.
The limit o f detection is much lower than 0.03 nanomoles because deionized water gives 
a notable signaL Using linear regression statistical analysis, a correlation coefficient of
0.998 was noted for the linear plot. The reproducibility was checked by multiple 
measurements (n=3) and the average o f R.S.D. values was about 2.4 % in the linear 
plot o f H30 +.
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Conclusion
lanthanides in acidic solution can be baseline separated and resolved from H3CT 
by addition of acetate due to the acid-base equilibrium ofH3CT and Ac' in the electrolyte. 
The linear calibration curve o f H30 + suggests that H30 + concentration can be 
quantified.
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Chapter 7. Summary and Future Studies
This dissertation has reported the research on synthesis, separation, and 
applications o f water-soluble chiral calixarene derivatives as receptors for fluorescence 
probes and as chiral selectors for enantiomeric separations. The sulfonated calixarene 
derivatives are highly soluble in water and can be potentially useful as mimics ofenzyme- 
substrate complexes. Therefore, we first pursued the synthesis o f sulfonated calixarenes 
described in the first part o f Chapter 2.
In the second part of Chapter 2, a method for the separation o f sulfonated 
calixarenes (4), (6), (8) and the 4-hydroxyIbenzene sulfonate monomer by capillary zone 
electrophoresis with direct UV absorbance detection is described. The electroosmotic 
flow (EOF) decreases with addition of K* and reverses with addition of Mg2*. The 
suppression o f the EOF upon the addition ofK* slightly improves the separation o f the 
calixarenes and the monomer. However, the elution times of those compounds increases 
by almost 35 minutes. The reversal o f the EOF by addition of Mg2* reduces the 
migration time and also improves the separation efficiency. The calixarenes are baseline 
separated in less than 14 minutes by use o f a borate buffer with the addition o f 4.0, 6.0, 
or 12.0 mM MgClj at pH = 8.3. The efectropherograms of calixarenes and the monomer 
as a function o f different concentrations of Mg2* also provide information about complex 
formation between the calixarenes and Mg2*. For future studies, CZE could be useful
187
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for examining the purity o f the calixarene samples. CZE is also a potential technique for 
studying the complexation abilities o f calixarenes with cations and neutral compounds.
In Chapter 3, fluorescence and absorption studies o f water-soluble sulfonated 
caKx(6)arene (SCX6) are reported. A comparison study o f the spectroscopy o f SCX6 
and its monomer reveals that the spectroscopy o f the monomer is similar to the 
spectroscopy of phenol, while SCX6 does not follow either. The sulfonate group o f the 
monomer does not significantly influence its spectroscopy. However, hydrogen bonding 
and excimer formation of SCX6 produce a more complicated spectrum than that of the 
monomer. We conclude that the red shifts of the fluorescence and the absorption of 
SCX6 are due to disassociation o f protons on the lower-rim o f the SCX6 molecule. 
Moreover, the relatively smaller red shift o f the fluorescence o f SCX6, as compared with 
that o f the monomer, suggests that intramolecular hydrogen bonding occurs in the 
SCX6 molecule. Strong hydrogen bonding causes retention o f some protons on the 
lower rim o f SCX6, even at pH=13.0. The emission in the range 400 nm-530 nm is 
apparently due to excimer formation between two phenol groups. Irmer-filter effects are 
a serious disadvantage o f SCX6 as host molecules for studying the complexation of 
certain fluorescence probes. However, as an alternative, one can use probes which can 
be excited at longer wavelengths than 320 nm where the SCX6 does not absorb light.
In the first part o f Chapter 4, Auramine O dye was used to study the 
complexation properties o f the host molecules, calix(6)arene sulfonates. Complexation
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between the dye and the sulfonated calixarenes has been characterized by use of 
absorption and steady state fluorescence measurements. A comparison study o f the 
calixarenes and the monomers suggests that the observed shifts o f the absorption and the 
fluorescence o f AurammeO are due to complex formation. In addition, the fluorescence 
of Auramine O is enhanced as a result of its association with calixarenes. The SCX6 and 
SCX6-C5Hn which have hydrophobic cavities and hydrophilic groups, provide 
advantages similar to those of cyclodextrins and micelles. The complexes with AuO 
appear to suppress the rotation o f the diphenylanline groups o f AuO. However, 
restriction o f the rotation of AuO seems not to be complete in SCX6 as compared with 
the higher degree o f restraints in the SCX6-CsHu. In addition, the hydrophobicities o f 
the calixarene cavities aid in the production o f more intense fluorescence o f AuO. The 
fluorescence intensities in the absence and presence o f calixarenes are employed to 
calculate formation constants o f the inclusion complexes. The stoichiometric ratio for 
both SCX6/AuO and SCX6-C5Hn /AuO is 1:1. The formation constants of these 
complexes are estimated to be 1.24x10* M '1 and 1.53x10* M*1, respectively.
In Chapter 5, novel synthesis and characterization o f chiral aminocalixarene 
derivatives with amino acid groups attached to the lower-rim of p-/erf-butylcalix(4)arene 
are presented. The addition o f four amino acid units transformed p-ferr-butyl 
calix(4)arene into new water-soluble Ar-acylcalix(4)arene amino acid derivatives. The 
new chiral water-soluble cahx(4)arenes have been used in the resolution o f three racemic
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(±)l,l'-binaphthyl derivatives using capillary electrophoresis (CE). Moreover, p- 
pentoxylsulfonated cahx(6)arene was synthesized and used as an additive in CE for chiral 
separations. (R, S)-Propranok>l and (R, S)-1 -naphthylethyl isocyanate have been 
successfully baseline separated by addition o f the chiral calixarene to the electrolyte. 
These water-soluble chiral calixarenes act as a pseudostationary phase to conduct 
enantiomeric recognition and result in chiral separations for chiral binaphthyl derivatives 
and chiral drugs. In order to understand the mechanism involved in these chiral 
separation methods, NMR studies would be an appropriate and a feasible technique to 
employ. Furthermore, sulfonated amino calixarenes can also be synthesized and used as 
complexation regents for separations and fluorescence studies.
In addition to calixarene studies, H30 + has been quantitatively detected by use of 
creatinine as a UV absorbance reagent. The calibration curve was linear for the amount 
ofHjCT up to 0.70 nanomoles in a solution containing 8 mM creatinine. The limit of 
quantification is approximately 0.03 nanomoles. The effects o f acetate (Ac) 
concentration on the separation of lanthanides from hydronium ion (H30 +) in capillary 
zone electrophoresis is investigated. The effects o f sample acidity and buffers on the 
HjCf peak have been studied A mixture o f 14 rare earth metals, along with H30 +, can 
be baseline separated in less than nine minutes by use of a ternary buffer system [sodium 
acetate (NaAc) /  a-hydroxyisobutyric acid (HIBA) / UV CAT-1]. In contrast, replacing 
NaAc by equal molar sodium chloride (NaCI) in the buffer decreases the electroosmotic
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flow without enhancing selectivity and resolution o f lanthanides. All o f these results 
suggest that the higher mobility o f H30 + ion elutes slower than would be predicted. The 
late appearance ofHjCT at pH=4.4 is attributed to the weak acid-base equilibria o f HIBA 
and HAc in the buffers as H30 +migrates through the capillary. The improved separation 
o f metal ions from H30 + by the addition of sodium acetate is also due to the equilibrium 
of the weak acid (HAc).
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